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Preface
This thesis describes the results of two and a half years work as a full-time Research 
Fellow at the Department of Clinical Neurology, Institute of Neurology, University 
College London between August 1997 and February 2000. The research project 
resulting in this thesis comprised the technical development of EEG-correlated 
functional magnetic resonance imaging (fMRI) and its application to patients with 
epilepsy in a clinical setting. When I commenced my work on the project in August 
1997 at the MRI-Unit of the National Society for Epilepsy in Chalfont St. Peter, I found 
an already elaborated system for recording EEG-recording inside a MRI scanner. This 
in-house built EEG-system was the result of more than two years of technical 
development work, mainly carried out by Philip Allen, Department of Clinical 
Neurophysiology, National Hospital for Neurology and Neurosurgery. At that time, no 
commercial system for recording EEG inside the MR scanner was available and there 
were only about three to four centres world-wide working with this technique. With the 
paper of Warach and co-workers, published in 1996, only one report on the clinical 
application of EEG-correlated fMRI in patients with epilepsy was published at that 
time. The EEG-system that was at my disposal was the only one for which safety issues 
had been systematically studied, a work which was carried out mainly by Dr. Louis 
Lemieux and which was published in 1997. Due to these preparatory works, I was in the 
lucky position to make immediately use of the EEG/fMRI system to study patients with 
epilepsy in August 1997. This enabled me to perform for the first time a larger scale 
clinical EEG/fMRI study. Beside this, I was involved in the further development of the 
EEG-system, particularly as co-investigator in the development of the the world-wide 
first method of pulse-artifact subtraction and as principle investigator of the first 
systematic study on MR image quality during concurrent EEG-recording. At the end of 
my involvement in the project, EEG-correlated fMRI had evolved into a technique usedK. Krakow: EEG-correlated fMRI  4
by dozens of laboratories around the world for various scientific applications, including 
epilepsy, sleep research and cognitive neuroscience. At that time, commercial EEG 
recording systems exclusively developed for intra-MR use were distributed by several 
manufacturers and methods of image artifact subtration made continuous und 
simultaneous EEG-correlated fMRI possible, which gradually replaced the technique of 
EEG-triggered fMRI. Many of these advances were made possible or accelerated by the 
work presented in this thesis.
In total, 15 original publications (seven as first author, eight as co-author) resulted from 
the research project. The publications included in this thesis are listed in the 
introduction.
The project was funded as being part of a Co-operative Group Component Grant from 
the Medical Research Council, UK, held by Professor David Fish and Dr. Louis 
Lemieux of the Epilepsy Research Group of the Institute of Neurology, Queen Square, 
London. Their foresight enabled me to undertake this project in the best possible 
scientific environment. Professor Fish and Dr. Lemieux were also supervisors for this 
thesis. I am deeply indebted to them for their continuous support and inspiration.
The development and clinical application of a novel method combining modalities with 
a different technical background like functional MRI and EEG was very much a team 
effort.
The experimental work was mainly carried out at the MRI Unit of the National Society 
for Epilepsy, Chalfont St. Peter, Buckinghamshire. At the MRI Unit I have had the 
privilege to work together with the highly qualified MR physicists Dr Mark Symms, Dr 
Samantha Free, Dr Gareth Barker, and Dr Mary McLean. I am also grateful to the 
radiographers Phillipa Barlett, Kim Bimie, Elaine Williams and Jane Burdett for their 
support and patience during the lengthy EEG/fMRI experiments.
Mr. Philip Allen developed a novel system for EEG recordings inside the MR scannerK. Krakow: EEG-correlated fMRI  5
including EEG-artifact subtraction methods, which was the technical foundation of this 
research project.
Professor Simon Shorvon, Professor John Duncan, Professor Ley Sander, Dr Sheelagh 
Smith and Dr Sanjay Sisodiya of the National Hospital for Neurology and Neurosurgery 
generously referred patients for the studies.
I am also grateful to Catherine Scott, Department of Clinical Neurophysiology, National 
Hospital for Neurology and Neurosurgery, who supported the identification of suitable 
patients for the studies and performed the 64 channel EEG recordings which were part 
of one study.
I received valuable support from other Research Fellows who cooperated with parts of 
my project: Dr. Giovanni Polizzi, Dr Udo Wieshmann, Dr Friedrich Woermann 
(Epilepsy Research Group), Dr Chiara Maria Portas (Wellcome Department of 
Cognitive Neurology, University College London), and Dr Demetrio Messina (Visiting 
Research Fellow from the University of Catanzaro, Italy).
I would like to thank Dr Afraim Salek-Haddadi, my successor in this project, for 
keeping me updated with the progress in EEG-correlated fMRI while I was writing up 
the thesis.
From Dr Oliver Josephs and Professor Robert Turner (Wellcome Department of 
Cognitive Neurology) I received support to the fMRI acquisition and data analysis.
I am also grateful to Professor Bemd Pohlmann-Eden, Clinical Director of the Bethel 
Epilepsy Centre, Germany, who encouraged me to apply for the position as a Clinical 
Research Fellow at the Epilepsy Research Group in London, thus paving my way to this 
project.
My greatest debt is to the patients of the epilepsy clinics at the National Hospital for 
Neurology, Queen Square, London and the National Society for Epilepsy, Chalfont St. 
Peter. To work with these patients and trying to understand the nature of their disorderK. Krakow: EEG-correlated fMRI
was die most important motivation of my project. Their contribution was the most 
important of all.K. Krakow: EEG-correlated fMRI  7
Abstract
This thesis describes the method of EEG-correlated fMRI and its application to patients 
with epilepsy. First, an introduction on MRI and functional imaging methods in the field 
of epilepsy is provided. Then, the present and future role of EEG-correlated fMRI in the 
investigation of the epilepsies is discussed. The fourth chapter reviews the important 
practicalities of EEG-correlated fMRI that were addressed in this project. These 
included patient safety, EEG quality and MRI artifacts during EEG-correlated fMRI. 
Technical solutions to enable safe, good quality EEG recordings inside the MR scanner 
are presented, including optimisation of the EEG recording techniques and algorithms 
for the on-line subtraction of pulse and image artifact. In chapter five, a study applying 
spike-triggered fMRI to patients with focal epilepsy (n = 24) is presented. Using 
statistical parametric mapping (SPM), cortical Blood Oxygen Level-Dependent (BOLD) 
activations corresponding to the presumed generators of the interictal epileptiform 
discharges (IED) were identified in twelve patients. The results were reproducible in 
repeated experiments in eight patients. In the remaining patients no significant 
activation (n = 10) was present or the activation did not correspond to the presumed 
epileptic focus (n = 2). The clinical implications of this finding are discussed. In a 
second study it was demonstrated that in selected patients, individual (as opposed to 
averaged) IED could also be associated with hemodynamic changes detectable with 
fMRI. Chapter six gives examples of combination of EEG-correlated fMRI with other 
modalities to obtain complementary information on interictal epileptiform activity and 
epileptic foci. One study compared spike-triggered fMRI activation maps with EEG 
source analysis based on 64-channel scalp EEG recordings of interictal spikes using co­
registration of both modalities. In all but one patient, source analysis solutions were 
anatomically concordant with the BOLD activation. Further, the combination of spike- 
triggered fMRI with diffusion tensor and chemical shift imaging is demonstrated in aK. Krakow: EEG-correlated fMRI  8
patient with localisation-related epilepsy.
In chapter seven, applications of EEG-correlated fMRI in different areas of 
neuroscience are discussed. Finally, the initial imaging findings with the novel 
technique for the simultaneous and continuous acquisition of fMRI and EEG data are 
presented as an outlook to future applications of EEG-correlated fMRI.
In conclusion, the technical problems of both EEG-triggered fMRI and simultaneous 
EEG-correlated fMRI are now largely solved. The method has proved useful to provide 
new insights into the generation of epileptiform activity and other pathological and 
physiological brain activity. Currently, its utility in clinical epileptology remains 
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Chapter 1 
Introduction
This thesis describes the technique of recording electroencephalography (EEG) inside a 
magnetic resonance (MR) scanner and how this technique can be used to correlate 
spontaneous EEG phenomena with functional magnetic resonance imaging (fMRI) 
signal changes. The main objectives of the studies included in this thesis are (1) to 
describe a method of recording EEG in combination with fMRI (EEG-correlated fMRI); 
(2) to study systematically safety aspects, EEG quality, and fMRI quality in EEG- 
correlated fMRI; (3) to explore the feasibility of applying of EEG-correlated fMRI to 
patients with epilepsy; (4) to investigate the reproducibility of fMRI activation due to 
interictal epileptiform discharges (IED) in patients focal epilepsy; (5) to correlate the 
fMRI activation with epilepsy-related clinical information; and (5) to explore further 
clinical applications of EEG-correlated fMRI, in particular in the context of multimodal 
functional imaging.
Chapters four to seven are based on peer-review publications on the topic of EEG- 
correlated fMRI, which were published between 1999 and 2001. Here, a list of the 
publications included in this thesis and the corresponding chapters is given:
Chapter 2 provides an overview on the role of structural and functional MRI and other 
functional imaging techniques used in epilepsy.
Chapter 3 compares the established functional imaging techniques in epilepsy with 
EEG-correlated fMRI and explains the rationale for using this technique in the filed of 
epilepsy.
Chapter 4 describes the major technical problems of EEG-correlated fMRI, which fallK. Krakow: EEG-correlated fMRI  14
under three categories: patient safety, effects of EEG on MRI acquisition, and effects of 
EEG on MRI acquisition.
Krakow K, Allen PJ, Lemieux L, Fish DR: Methodology: EEG-correlated fMRI. 
Advances in Neurology 2000; 83: 187-201.
Krakow K, Allen PJ, Symms MR, Lemieux L, Josephs O, Fish DR: EEG recording 
during fMRI experiments: image quality. Human Brain Mapping 2000; 10: 10-15.
Principal investigator of the section on safety issues was L. Lemieux. P.J. Allen was 
principal investigator of the section on EEG quality and artifacts.
Chapter 5 illustrates the main study of this thesis, the application of EEG-triggered 
fMRI to study interictal epileptiform activity in patients with refractory focal epilepsy.
Krakow K, Woermann FG, Symms MR, Allen PJ, Lemieux L, Barker GJ, Duncan JS, 
Fish DR: EEG-triggered functional MRI of interictal epileptiform activity in patients 
with partial seizures. Brain 1999; 122: 1679-1688.
Krakow K, Lemieux L, Messina D, Scott CA, Symms MR, Duncan JS, Fish DR: 
Spatio-temporal imaging of focal interictal epileptiform activity using EEG-triggered 
functional MRI. Epileptic Disord 2001; 3: 67-74.
Krakow K, Messina D, Lemieux L, Duncan JS, Fish DR: Functional MRI activation of 
individual interictal spikes. Neuroimage 2001; 13: 502-505.K. Krakow: EEG-correlated fMRI  15
Chapter 6 deals with the combination of EEG-correlated fMRI with other imaging 
methods like MR spectroscopy, diffusion tensor imaging or EEG source analysis.
Krakow K, Wieshmann UC, Woermann FG, Symms MR, McLean MA, Allen PJ, 
Barker GJ, Fish DR, Duncan JS: Multimodal MR imaging: functional, diffusion tensor, 
and chemical shift imaging in a patient with localization-related epilepsy. Epilepsia 
1999; 40: 1459-1462.
Wieshmann UC, Krakow K, Symms MR, Parker GJ, Clark CA, Barker GJ, Shorvon 
SD: Combined functional magnetic resonance imaging and diffusion tensor imaging 
demonstrate widespread modified organisation in malformation of cortical 
development. J Neurol Neurosurg Psychiatry 2001; 70: 521-523.
Krakow K, Baxendale SA, Maguire EA, Krishnamoorthy ES, Lemieux L, Scott CA, 
Smith SJ: Fixation-off sensitivity as a model of continuous epileptiform discharges: 
electroencephalographic, neuropsychological and functional MRI findings. Epilepsy 
Research 2000; 42: 1-6.
Lemieux L, Krakow K, Fish DR: Comparison of spike-triggered functional MRI BOLD 
activation and EEG dipole model localization. Neuroimage 2001; 14: 1097-1104.
Principal investigator of the section on EEG dipole modelling was L. Lemieux. U.C. 
Wieshmann was principal investigator of the section on diffusion tensor imaging.
Chapter 7 reviews further applications of EEG-correlated fMRI in cognitive 
neurosciences and introduces the technique of continuous and simultaneous EEG-K. Krakow: EEG-correlated fMRI  16
correlated fMRI.
Portas CM, Krakow K, Allen P, Josephs O, Armony JL, Frith CD: Auditory processing 
across the sleep-wake cycle: simultaneous EEG and fMRI monitoring in humans. 
Neuron 2000; 28: 991-999.
Lemieux L, Salek-Haddadi A, Josephs O, Allen P, Toms N, Scott C, Krakow K, Turner 
R, Fish DR: Event-related fMRI with simultaneous and continuous EEG: description of 
the method and initial case report. Neuroimage 2001; 14: 780-787.
Principal investigator of the section on simultaneous and continuous EEG-correlated 
fMRI was L. Lemieux. C. M. Portas was principal investigator of the sleep study.K. Krakow: EEG-correlated fMRI  17
Chapter 2 
Background
In this chapter the applications of structural and functional magnetic resonance imaging 
(MRI) in clinical epileptology are briefly reviewed. Further, the principals of positron 
emission tomography (PET) and single-photon emission computed tomography 
(SPECT), which are the established functional imaging methods in the field of epilepsy, 
are summarised.
2.1.  Structural MRI in epilepsy
Studies using MRI were first performed on humans in the late 1970s (Gadian, 1982). By 
the early 1980s, MRI had become available for routine clinical use and its role in 
evaluating epilepsy patients was becoming recognised (Oldendorf, 1984, Sostman et al., 
1984). By the mid-1980s, it had become established that this imaging modality is more 
sensitive than CT in detecting lesions that cause epilepsy (Laster et al., 1985, Latack et 
al., 1986, Ormson et al., 1986, Schomer et al., 1987, Heinz et al., 1989). Since then,
MRI has revolutionised the investigation and treatment of patients with epilepsy and the 
understanding of the basic mechanisms of epilepsy. The development of MRI can be 
considered to be the most important new diagnostic tool for the evaluation of the 
individual with epilepsy since the advent and application of EEG in the 1930s (Berger, 
1929). MRI allows acquisition of multiplanar anatomic (and functional, see next 
section) data non-invasively without biologic toxicity (Kuzniecky and Jackson, 1995, 
Duncan, 1997). MRI may reveal the aetiology of the seizure disorder, the localisation of 
the epileptogenic structural abnormalities in patients with localisation-related epilepsy, 
and is of prognostic importance in patients undergoing epilepsy surgery (Bergen et al., 
1989, Jackson et al., 1990, Berkovic et al., 1991, Cascino GD, 1994, Spencer, 1995, 
Duncan, 1997, Rosenow and Liiders, 2001).K. Krakow: EEG-correlated fMRI  18
Technique
Interpretation of MRI studies in patients with epilepsy begins with identification of the 
appropriate neuroimaging methodology. Due to the ability of MRI to generate many 
types of images, pulse sequences, slice orientation and thickness have to be adapted to 
the questions posed.
A combination of T1-weighted, T2-weighted and fluid attenuation inversion recovery 
(FLAIR) sequences forms the basic investigation in patients with epilepsy, as they are 
highly sensitive to various structural epileptogenic lesions. Volume T1-weighted 
acquisitions produce approximately cubic voxels without gap, allowing for reformatting 
in any orientation, subsequent measurement of hippocampal morphology and volumes, 
and for three-dimensional reconstruction and surface rendering of the brain (Duncan, 
1997).
As hippocampal sclerosis (HS) is one of the most frequent underlying pathologies in 
refractory epilepsy (see below), thin, coronal T2-weighted and FLAIR images, which 
are the most sensitive for this condition, need to be included in an MRI protocol for the 
evaluation of patients with epilepsy. If mesial temporal sclerosis is suspected but not 
clearly visible, 1  to 2 mm thick T1-weighted coronal volume acquisition images allow 
volumetry of the hippocampus and the amygdala, which is more sensitive than visual 
inspection alone in the hands of experienced investigators (Kuzniecky et al., 1997, 
Watson et al., 1997, Cheon et al., 1998).
The range of  structural cerebral abnormalities underlying epilepsy and identified with 
MRI
Hippocampal sclerosis (HSf
Nearly 80% of patients with partial epilepsy have temporal lobe seizures. 
Approximately 90% of patients with non-lesional temporal lobe epilepsy haveK. Krakow: EEG-correlated fMRI  19
localisation of the ictal onset zone in the amygdala or hippocampus (Spencer et al., 
1993). The majority of patients with mesial temporal lobe epilepsy have HS identified 
in the surgically excised epileptic brain tissue (Cascino et al., 1991). HS can be found in 
21% of epileptic patients attending a tertiary epilepsy centre (Semah et al., 1998), 
compared to 3% in a population of newly diagnosed epilepsy (Annegers et al., 1996). 
Prior to the introduction of MRI, HS could be diagnosed only during pathologic 
examination. The MR-imaging alterations associated with HS are hippocampal atrophy, 
demonstrated with coronal T1-weighted images, increased signal intensity within the 
hippocampus on T2-weighted images, decreased T1-weighted signal intensity, and 
disruption of the internal structure of the hippocampus (Jackson et al., 1990, Duncan,
1997).
The assessment of hippocampal atrophy can be improved by measuring the volumes of 
hippocampi, i.e. MRI-based hippocampal volumetry (Jack et al., 1990, Sisodiya et al., 
1995a, Van Paesschen et al., 1995, Van Paesschen et al., 1997). The ability of 
volumetry to detect abnormalities relies on volume asymmetry and brain-volume- 
adjusted normal data derived from a control group at the same institution (Jack et al., 
1992, Chee et al., 1997, Kuzniecky et al., 1997). Initial studies performed by Jack and 
colleagues indicated that volumetric analyses might reliably identify the temporal lobe 
of seizure origin in patients with non-lesional focal epilepsy (Jack et al., 1990). 
Subsequently, it was demonstrated that the volume of the epileptic hippocampus 
correlated with the severity of the neuronal loss in certain hippocampal subfields 
(Cascino et al., 1991, Lencz et al., 1992).
Quantitative T2-relaxometry has been performed to analyse the presence of a signal 
intensity alteration objectively in the mesial temporal lobe (Jackson et al., 1994b). A 
combination of volumetry and quantitative measurements of T2 relaxation time can 
increase the sensitivity of MRI for unilateral or bilateral hippocampal atrophyK. Krakow: EEG-correlated fMRI  20
(Woermann et al., 1998). Currently, volumetry is an important research tool that permits 
the quantification of the degree of hippocampal asymmetry, but its direct impact on 
patient management is limited (Rosenow and Liiders, 2001).
Brain tumours and vascular malformations
The sensitivity of MRI approaches 100% in patients with tumours and vascular 
malformations. T2-weighted images are most sensitive in revealing foreign-tissue 
lesions (Bergen et al., 1989). Variably, there may be gadolinium enhancement (Cascino 
et al., 1989). Gadolinium-enhanced MRI scans may be useful to differentiate oedema 
from tumour (Cascino et al., 1989).
There are four types of congenital cerebral vascular malformations that can be identified 
in patients with symptomatic focal epilepsy using MRI: arteriovenous malformations 
(AVM), cavernous haemangioma, venous angiomas, and telangiectases (Dodick et al., 
1994, Kuzniecky et al., 1993). The most common vascular malformations underlying 
focal epilepsy are the cavernous haemangioma and the AVM (including the 
angiographically occult lesions) (Dodick et al., 1994 Kuzniecky et al., 1993). 
Arteriovenous malformations may be associated with a flow signal on MRI. The 
cavernous haemangioma have a characteristic MRI “target” appearance on the T2- 
weighted scans with a region of increased T2 signal intensity surrounded by an area of 
decreased signal produced by haemorrhage associated with methemoglobin deposition 
in macrophages (Dodick et al., 1994, Kuzniecky et al., 1993).
Malformations of cortical development
Malformations of cortical development (MCD) are commonly identified as causes of 
epilepsy and neurodevelopmental deficits. With the use of structural MRI these 
abnormalities are increasingly being recognised in patients with epilepsy that wereK. Krakow: EEG-correlated fMRI  21
previously regarded as being cryptogenic. The range of MCD identified with MRI 
include schizencephaly, agyria, diffuse and focal macrogyria, focal polymicrogyria, 
minor gyral abnormalities, subependymal grey matter heterotopias, bilateral subcortical 
laminar heterotopia, tuberous sclerosis, focal cortical dysplasia and dysembryoplastic 
neuroepithelial tumours (Duncan, 1997, Sisodiya, 2000).
MCD may not be detected by the sequences used for the basic investigation. FLAIR and 
T2-weighted inversion recovery sequences are currently considered most sensitive in 
this respect, the latter being especially useful to detect blurring of the grey-white matter 
junction (Chan et al., 1998, Lee et al., 1998). However, discrete MCD might be difficult 
to detect using the basic MRI sequences described previously. Therefore, three- 
dimensional brain volume reconstruction can be helpful, particularly in visualising the 
exact location of abnormalities of gyration (Sisodiya et al., 1995b, Sisodiya et al.,
1996).  However, there is a great variability of the normal gyral architecture (Falk et al., 
1991, Maudgil et al., 1998). Several attempts have been made to overcome these 
problems, e.g. by identification of reproducibly identifiable landmarks around the 
cortical surface in normal subjects (Maudgil et al., 1998). Curvilinear reformatting was 
reported to be helpful in detecting subtle dysplastic lesions in otherwise MRI-negative 
cases (Bastos et al., 1999). Automated segmentation and quantification of cerebral grey 
matter can identify subtle structural changes not otherwise detected in patients with 
cortical dysgenesis or hippocampal sclerosis, and even in those with generalised 
epilepsies (Richardson et al., 1997, Woermann et al., 1999).
Selection of  Patients for Epilepsy Surgery
In light of what has been discussed above, it is not surprising that MRI has an important 
impact on epilepsy surgery in general. In particular, it has significantly altered the 
selection of candidates for epilepsy surgery. MRI has been shown to affect the operativeK. Krakow: EEG-correlated fMRI  22
strategy in these patients and to be of prognostic importance (Cascino 1994, Spencer, 
1995, Zentner et al., 1995). A MRI-identified abnormality is crucial for patient 
identification for surgery and impacts directly on the preoperative evaluation, and can 
alter the operative strategy in patients with medically refractory seizures undergoing 
surgical treatment (Ltiders, 1992).
Pathologies underlying the epileptogenic zone that are predictive of a favourable 
operative outcome include HS, low-grade neoplasm, and occult AVM. Patients with a 
MRI-identified structural abnormality may be triaged to epilepsy surgery early in the 
course of treatment if it is clear that the initial response to antiepileptic drug therapy is 
disappointing (Rosenow and Luders, 2001). MRI, therefore, should be an integral part 
of the diagnostic evaluation of patients with presumed symptomatic focal epilepsy. 
Notably, structural brain imaging studies alone should not be used to determine surgical 
candidacy or operative strategy. A comprehensive presurgical evaluation is required in 
selecting patients for surgical treatment (Rosenow and Luders, 2001), which must 
include an electro-clinical correlation to establish the localisation of the ictal onset zone 
and probable epileptogenic zone.
2.2.  Diffusion and spectroscopic MR in epilepsy
Diffusion-weighted imaging
Diffusion-weighted imaging (DWI) is a form of MRI that achieves contrast by 
measurement of variation in rates of water molecule diffusion among various brain 
regions and tissue compartments. It achieved great practical importance for clinical 
neurology with the discovery in 1990 that it is a very sensitive and early indicator of 
brain ischemia. DWI can detect brain infarction within minutes of its onset (Neumann- 
Haefelin et al., 2000) and has therefore the potential to be used as a clinical tool in the 
diagnosis of acute stroke.K. Krakow: EEG-correlated fMRI  23
In epilepsy, prolonged ictal activity in animal models (Zhong et al., 1993) and humans 
has shown to be associated with changes of the apparent diffusion coefficient (ADC). 
Wieshmann et al. (1997) published a case report of a 51-year-old woman with chronic 
epilepsy and recurrent episodes of focal status epilepticus in the right leg. DWI obtained 
during status epilepticus showed increased signal intensity in the leg area of the left 
motor cortex. Following cessation of clinical seizure activity, the imaging abnormalities 
resolved. So far, no reproducible changes of the ADC associated with single (non­
prolonged) seizures or interictal epileptiform discharges have been reported.
A major conceptual development in DWI was appreciation and measurement of 
diffusion anisotropy, i. e. variation of ADC values according to the direction in which 
the diffusion-weighted gradient is applied along than across myelated fibre tracts 
(Basser, 1995). As a result, ADC values measured parallel to myelinated axons are 
greater than those measured perpendicular to them. Hence, it can be used to identity 
organisation of brain tissue and neuronal pathways in patients with epilepsy (Krakow et 
al., 1999, Wieshmann et al., 2001).
Magnetic resonance spectroscopy
The physical principles underlying magnetic resonance spectroscopy (MRS) are the 
same as those for MRI. However, in MRS positional information is traded off for 
resonance frequency information providing chemical information, which may be 
displayed as a spectrum of signal intensity against frequency. The following nuclei can 
be imaged using MRS: ]H (proton), 31P, 13C, and 23Na. The most naturally abundant 
isotopes, lH and 31P (99.98% and 100%) are present in compounds of interest in
•  T1   •
sufficient concentration to be detectable in vivo. The MR sensitivity to  P is only 7%
1   3 1 1 that of  H so it is necessary to use larger volumes of tissue for  P than for  H-MRS, 
with a consequence loss of spatial resolution. The volume of brain from which MRK. Krakow: EEG-correlated fMRI  24
spectra are obtained may be defined in two main ways: (1) single voxel techniques in 
which spectra are acquired from a single volume of interest, and (2) chemical shift 
imaging (CSI) in which a large region is excited before the metabolite signals are 
spatially encoded using phase encoding gradients, as is done in MRI (Duncan, 1997). 
The application of MRS to patients with epilepsy has focused on three areas: (1) to 
identify the seizure focus, (2) to study the pathophysiology of the disease, and (3) to 
investigate the effects of medication (Constantinidis, 2000). Of these, the most common 
application has been the identification of seizure foci. The majority of MRS studies 
have been carried out in patients with temporal lobe epilepsy who are candidates for 
surgical treatment (Gadian et al., 1994, Conelly et al., 1994, Cendes et al., 1997). Most 
of the studies were proton based, although some 31P studies also have been performed 
(Kuzniecky et al., 1992, Garcia et al., 1994, Chu et al., 1996, van der Grond et al.,
1998). There are fewer studies using MRS for the investigation of patients with seizures 
of extratemporal origin (Garcia et al., 1995, Kuzniecky et al., 1997, Stanley et al., 1998, 
Li et al., 1998, Woermann et al., 2001).
In general, MRS studies show a reduction in the signal intensity of N-acetyl aspartate 
(NAA) and increases in signal intensities of choline and creatine in the lobe of the 
proposed seizure focus, resulting in a decrease of the NAA over choline and creatine 
ratio. This implies a loss or dysfunction of neurons and possibly gliosis in these regions 
(Duncan, 1997).
2.3.  SPECT and PET in epilepsy
Functional MRI is a relatively new technique and there is so far only little experience in 
its application to patients with epilepsy. Therefore, before fMRI is described in the next 
section, first the two established functional imaging techniques in the field of epilepsy, 
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Tomography (SPECT), are briefly reviewed. As these techniques provide important 
information on cerebral perfusion and metabolism associated with epileptic activity, 
they represent an important background to interpret the results of fMRI.
Single Photon Emission Computed Tomography (SPECT)
SPECT is based on the detection and localisation of an internal source of gamma 
radiation emitted from a radiopharpharmaceutical that has been administered to the 
patient. SPECT images are acquired and reconstructed by gamma cameras. The basic 
images acquired by a gamma camera when it is stationary in one position are termed 
planar images. The SPECT technique uses a computer aided mathematical 
reconstruction of multiple planar images taken at different rotation angles to produce a 
series of cross sectional two-dimensional images of the brain.
The main use of SPECT in epilepsy is to image the distribution of relative cerebral 
blood flow to localise the seizure focus. SPECT also can be used to measure a variety of 
neurotransmitter systems, but these are not in widespread use and will not be mentioned 
here.
The radioligands currently used in SPECT are " m Tc-hexamethyl-propyleneamineoxime 
(HMPAO) and " m Tc-ethyl cysteinate dimer (ECD). HMPAO has been studied most 
extensively and is useful for interictal and peri-ictal studies. The spatial resolution of 
SPECT depends on the imaging equipment used with a range from 7 to 14 mm 
(Duncan, 1997).
The major strength of SPECT is in the ability to perform not only interictal, but also 
peri-ictal (ictal or early postictal) studies, making it complementary to PET. Peri-ictal 
studies of epilepsy with SPECT exploit the fact that focal seizures are associated with a 
transient focal increase in blood flow. Sir Victor Horsley first described focal ictal 
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(Horsley, 1892). It was only with the development of SPECT that this feature of seizure 
physiology was harnessed to provide a novel and valuable diagnostic test for the 
localisation of refractory focal seizures (Berkovic and Newton, 1998).
Interictal SPECT in temporal lobe epilepsy
It has been established for more than a decade that the marker of an epileptic focus 
studied interictally with SPECT is a region of reduced cerebral blood flow. In temporal 
lobe epilepsy, interictal hypoperfusion can be striking and, when extensive and clear 
cut, is likely to be of lateralising value. However, only about 50% of patients with 
temporal lobe epilepsy have hypoperfusion on the correct side, but 10% show incorrect 
lateralisation (Stefan et al., 1990, Jack et al., 1994, Theodore, 1996). This makes 
interictal SPECT with HMPAO in temporal lobe epilepsy neither a sensitive nor a 
specific marker of the side of the ictal focus. Moreover, temporal hypoperfusion can be 
observed in patients with extratemporal localization-related epilepsies leading to the 
possibility of misdiagnosis and incorrect localisation. Rarely, hyperperfusion may be 
seen in the region of the focus (Berkovic et al., 1993, Duncan et al., 1990, Henkes et al., 
1991).
The failure of interictal SPECT with HMPAO or other cerebral blood flow ligands to 
match the sensitivity of interictal glucose PET appears to be a neurobiological 
phenomenon, rather than a technical problem related to the inferior resolution of 
SPECT, because determination of interictal cerebral blood flow with PET is similarly 
disappointing (Leiderman et al., 1992, Theodore, 1996).
Ictal SPECT in temporal lobe epilepsy
Ictal studies in patients with typical mesial temporal lobe epilepsy show a characteristic 
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in other cortical areas both ipsilaterally and contralaterally (Biersack et al., 1985). 
Hyperperfusion involves the medial, lateral, and inferior aspects of the temporal lobe. 
The relative change from the interictal state is often more striking in the lateral temporal 
cortex than the medial temporal region. In temporal lobe epilepsy arising from the 
lateral temporal regions there is usually hyperperfusion in the region of the focus with 
or without bilateral anteromesial temporal hyperperfusion (Ho et al., 1996, Valenti et 
al., 2002, Shin et al., 2002).
Ictal SPECT findings are very reliable in lateralising complex focal seizures in temporal 
lobe epilepsy. In ictal SPECT up to 95% of cases are correctly localised (Lee et al.,
1988, Stefan et al., 1990, Duncan et al., 1993, Markland et al., 1994) and thus seem to 
be very reliable in temporal lobe seizures of proven unilateral temporal lobe origin.
In order to obtain such good results, the ligand must be injected during or within 30 
seconds of termination of the complex focal seizure. Results from simple focal seizures 
or secondarily generalised seizures are not as good (Lee et al., 1987, Newton et al., 
1995).
Intracranial ictal EEG studies show that mesial temporal lobe seizures frequently spread 
to the contralateral temporal lobe. The usual lack of marked contralateral 
hyperperfusion appears to be related to some special characteristic of the focus that 
generates more relative hyperperfusion than do other regions with similar ictal 
involvement as judged by ictal EEG (Berkovic and Newton, 1998).
Postictal SPECT in temporal lobe epilepsy
The characteristic pattern of postictal blood flow consists of a focal area of relatively 
increased perfusion, usually in the mesial and anterior parts of the temporal lobe, with 
decreased perfusion in the adjacent lateral temporal cortex. This pattern represents a 
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seen in early (1- to 5-minute) postictal scans. Later, only the lateral hypoperfusion 
remains, with the scan returning to the interictal state within about 20 minutes after 
seizure termination (Rowe et al., 1991, Newton and Berkovic, 1996). Postictal studies 
show correct lateralisation in 70% of cases of unilateral temporal lobe epilepsy (Rowe 
et al., 1991, Newton et al., 1994).
Interictal and ictal SPECT in extratemporal focal epilepsy
Interictal SPECT is of little localising value in extratemporal focal seizures. In cases 
where there is a large structural lesion, the observation of corresponding hypoperfusions 
adds little to seizure localisation. In the absence of a structural lesion, it is unusual to 
observe definitive interictal hypoperfusion in the epileptogenic area in seizures arising 
from the frontal, parietal, or occipital regions (Marks et al., 1992, Newton et al., 1995). 
However, interictal studies can be crucial in interpreting ictal studies. The sensitivity of 
ictal SPECT (in temporal and extratemporal epilepsy) can be improved by a subtraction 
of ictal from interictal SPECT images and coregistration with the structural MRI of the 
patients (subtraction ictal SPECT coregistered to MRI; SISCOM) (O’Bien et al., 1998, 
O’Bien et al., 1999, Kaiboriboon et al., 2002).
When ictal SPECT can be obtained, it provides valuable localising information, both 
lobar and intralobar. In some studies a correct localisation can be achieved in 60-90% of 
cases (Ho et al., 1994, Newton et al., 1995, Chinvarum et al., 1996, O’Brien et al.,
2000). In contrast to complex focal seizures of temporal lobe origin, where diagnostic 
ictal changes are seen up to 30 seconds after seizure termination, in extratemporal 
epilepsies there is little or no persistence of ictal hyperperfusion into the postictal 
period. Therefore, injections must be given during the seizure itself. Another difference 
is that ictal SPECT in extratemporal cases may highlight regions of spread, and the 
region of seizure initiation may be less prominent. Thus, late ictal injections can beK. Krakow: EEG-correlated fMRI  29
difficult to interpret because there may be a number of hyperperfused regions (Berkovic 
and Newton, 1998).
Positron emission tomography (PET)
PET can be used to map regional cerebral blood flow (using 150-labelled water), 
metabolic rates, and receptor densities. Compared to SPECT, the technique produces 
quantitative data with a superior spatial resolution (Henry and Chugani, 1998).
Most clinical studies to date have used 18fluoro-2-deoxyglucose (18FDG) to image 
glucose metabolism, but investigations with specific ligands (e.g. [nC]flumazenil to the 
central benzodiazepine-GABAA receptor complex or [nC]diprenorphine to opiate 
receptors) become more and more important to study the neurochemical abnormalities 
associated with the epilepsies. This includes both static interictal derangements and 
dynamic changes in ligand-receptor interaction that may occur at the time of seizures 
(Duncan, 1997).
1  R The clinical role of  FDG-PET requires re-evaluation in the light of the advances in 
structural imaging with MRI. In a comparative study in patients with temporal lobe 
epilepsy, 18FDG-PET data did not provide clinically useful data if the MRI findings 
were definitive, but had some additional sensitivity (Gaillard et al., 1995). With 
increased knowledge of the sensitivity and specificity of MRI in particular clinical 
situations, interictal 18FDG-PET will be probably reserved for those cases in which MRI 
is non localising or in which MRI provides localisation discordant with ictal EEG and 
other routinely acquired data in refractory partial epilepsy. PET data should always be 
interpreted in the light of high quality anatomical MRI, to provide a structural- 
functional correlation. Coregistration of PET scans with MR images also helps to clarify 
partial volume effects (if a structure is smaller than the detection threshold permitted by 
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the activities of adjacent structures) (Mazziota et al., 1981, Mazziotta et al., 1991,
Phelps, 1992, Frey, 1994, Knowlton et al., 2001).
Both in normal and epileptic subjects, PET is usually performed in the waking, resting 
state. Epilepsy patients are usually in their interictal state. In interictal PET studies of 
both temporal and extratemporal focal epilepsy, the hallmark of an epileptogenic focus 
is an area of reduced glucose metabolism and reduced blood flow that is usually 
considerably larger than the pathological abnormality (Duncan, 1997). The most likely 
reason for the large region of reduced blood flow and metabolism is inhibition or 
deafferentation of neurons around an epileptogenic focus. Comparisons of 18FDG-PET 
scans with [nC]flumazenil scans indicate that the neuronal loss is confined to a more 
restricted area than the region of reduced metabolism.
Ictal PET scanning is difficult to obtain, given the relatively short half-life and expense 
of PET radiopharmaceuticals. Further, the mathematical model underlying PET 
quantitation requires steady-state metabolism to accurately quantify regional 
metabolism (Phelps, 1979). Therefore, quantification of ictal metabolism would be 
impossible because ictal metabolism is not in steady state during the 18FDG uptake and
1 R phosphorylation period. Further, the temporal resolution of static  FDG-PET is such
1 R that single seizures occurring at or shortly after  FDG injection will produce mixed 
interictal-ictal-postictal scans, with unpredictable effects. Ictal 18FDG images may 
reveal areas of qualitatively apparent increases and decreases in relative metabolism 
(Engel et al., 1982, Engel et al., 1983). One such peri-ictal scan had qualitatively normal 
metabolism of the temporal lobe of probable ictal onset, whereas an interictal FDG scan 
of this patient revealed hypometabolism of that temporal lobe (Henry et al., 1993). For 
“purely” ictal FDG scanning prolonged seizures like epilepsia partialis continua would 
be required (Hajek et al., 1991).
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spiking cortex in bicuculline-treated rats (Handforth et al., 1994), suggesting that 
interictal spiking EEG may be a determinant of regional 18FDG activity in human PET 
studies. Therefore, continuous EEG monitoring should be performed during PET 
scanning to exclude unintentional ictal scanning that could lead to misinterpretation of 
PET data (Henry et al., 1993).
PET in temporal lobe epilepsy
1  o
Several studies of  FDG-PET in patients with temporal lobe epilepsy have found a 60- 
90% incidence of hypometabolism in the temporal lobe (Kuhl et al., 1980, Theodore, 
1983, Gaillard, 1995). The area of hypometabolism often extends beyond the temporal 
lobe, e.g. involving the thalamus, the basal ganglia, and the frontal lobe (Sperling et al., 
1990, Henry et al., 1993). A recent study found ipsilateral insular glucose 
hypometabolism and benzodiazepine receptor loss (Bouilleret et al., 2002). In patients 
with mesial temporal lobe epilepsy and hippocampal sclerosis, the hypometabolism has 
frequently been found to be more pronounced in lateral neocortex, and also neocortical 
changes of central benzodiazepine binding were found, suggesting more widespread 
abnormalities are present in hippocampal sclerosis (Hammers et al., 2001).
In general, 18FDG-PET studies are considered to be less reliable for identifying the 
precise localisation of seizure onset than for answering the question of lateralisation 
(Duncan, 1997). Patients with hippocampal sclerosis have the lowest glucose 
metabolism in the whole temporal lobe. However, temporal hypometabolism is not 
related to severity of hippocampal damage as measured by quantitative magnetic 
resonance imaging or histopathological analysis (Lamusuo et al., 2001).
In some studies, additional hypermetabolic areas were found in patients with 
(cryptogenic) temporal lobe epilepsy. Possible explanations for this finding are 
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increased neuronal numbers, as may occur in a focal malformation of cortical 
development with a thickening of the neocortical ribbon (Franceschi et al., 1995, 
Richardson et al., 1996a).
Cerebral blood flow PET imaging during cognitive performance demonstrates 
disseminated bihemispheric sites of activation in temporal lobe epilepsy, which differ 
from activation patterns of normal subjects. The degree of left hemisphere 
hypometabolism has been correlated with impairment of verbal IQ, and lateral left 
temporal lobe hypometabolism with impairment of verbal memory (Rausch et al.,
1994).
The binding of [HC]flumazenil to central benzodiazepine receptors in epileptogenic foci 
was found to be reduced by an average of 30% (Savic et al., 1988). Using statistical 
parametric mapping (SPM) applied to parametric images of cerebral [nC]flumazenil 
binding, it was found, in patients with unilateral hippocampus sclerosis, that reduction 
of benzodiazepine receptors was confined to the sclerotic hippocampus with no 
significant abnormalities elsewhere (Koepp et al., 1996).
The degree and extent of temporal lobe hypometabolism has been strongly correlated 
with the seizure outcome following temporal lobectomy. Greater severity of 
preoperative hypometabolism of the resected temporal lobe is associated with 
significantly better postoperative seizure control (Manno et al., 1994, Radtke et al., 
1993, Theodore et al., 1992, Dupont et al., 2000). The high correlation of temporal 
hypometabolism and seizure outcome is independent of the pathologic diagnosis. 
Qualitatively evident extratemporal hypometabolism was found to be associated with a 
higher incidence of postoperative seizures (Swartz et al., 1992). After selective 
amygdalo-hippocampectomy, there was an increase of regional cerebral glucose 
metabolism in the ipsilateral and also the contralateral hemisphere in patients with 
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similar results were found for benzodiazepine receptors (Savic et al., 1998). It can be 
concluded, that not only brain metabolism, but also regional reductions in 
benzodiazepine receptor density may be dynamic and related to seizures.
PET in extratemporal focal epilepsy
1 8   • FDG-PET shows hypometabolism in about 60% of patients with frontal lobe epilepsy.
In 90% of those with a hypometabolic area, structural imaging shows a relevant
underlying abnormality. In common with temporal lobe epilepsy, the area of reduced
metabolism in frontal lobe epilepsy may be much larger than the pathological
abnormality. However, normal metabolism and discrete focal areas of hypometabolism
are also frequently seen (Swartz et al., 1989, Sperling et al., 1990, Swartz et al., 1990,
Henry et al., 1991, Henry et al., 1992, Swartz et al., 1992, Theodore et al., 1992, Hayek
et al., 1993, Henry et al., 1993, Hayek et al., 1994, Radkte et al., 1994). Diffuse regional
hypometabolism often includes mesial temporal, thalamic, and basal ganglial
hypometabolism ipsilateral to the neocortical hypometabolism. The degree of
hypometabolism usually varies across a region of diffuse hypometabolism. The zone of
most severe hypometabolism, excluding the site of a foreign-tissue lesion, usually
contains the electrophysiologically defined ictal onset zone (Henry et al, 1993). The
mean surface extent of [nC]flumazenil-PET abnormalities in lesional epilepsy was
significantly smaller than areas of glucose hypometabolism, but still significantly larger
than the corresponding structural lesion (Juhasz et al., 2000). In patients with MCD,
glucose hypometabolism concurred with MRI findings of abnormal cortex. However,
18FDG-PET did not identify abnormalities that were not evident on MRI, although in
some cases the area of hypometabolism was more extensive than the MRI lesion (Lee et
al., 1994). In the quantitative analysis of [nC]flumazenil PET data, flumazenil binding
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adjacent or overlying areas of normal-appearing cortex, also suggesting functional 
abnormalities beyond MRI-detectable structural changes (Hammers et al., 2001). 
However, in the absence of a lesion detectable with MRI interictal PET is usually 
normal in the neocortical focal epilepsies (Henry et al., 1991, Radtke et al., 1994, Kim 
et al., 2001). Therefore, it does not appear to provide additional clinically useful 
information in the majority of patients with this condition.
PET in primary generalised epilepsy
In idiopathic generalised epilepsy, interictal 18FDG-PET scans usually are normal 
(Engel et al., 1985, Engel et al., 1990, Ochs et al., 1987, Theodore et al., 1985). Studies 
carried out when frequent absences were occurring have shown a diffuse increase in 
cerebral glucose metabolism of 30-300%. Absence status, however, was associated with 
a reduction in cerebral glucose metabolism. There were no focal abnormalities and the 
rate of metabolism did not correlate with the amount of spike-wave activity (Engel et 
al., 1985, Theodore et al., 1985, Ochs et al., 1987). For these studies, the poor temporal
1  Q
resolution of  FDG-PET studies has to be considered, resulting in an amalgam of pre- 
ictal, ictal and postictal periods contributing to a scan.
Savic et al. (1990) reported a slight reduction in cortical binding of [uC]flumazenil to 
central benzodiazepine receptors of patients with generalised seizures, compared with 
the “nonfocus” areas of patients with focal seizures. Subsequently the same authors 
reported that, compared with normal subjects, patients with primary generalised tonic- 
clonic seizures had an increased benzodiazepine receptor density in the cerebellar nuclei 
and a decreased density in the thalamus (Savic et al., 1994). However, these results have 
not been replicated. Prevett et al. (1995) found no significant difference in 
[nC]flumazenil binding in the cerebral cortex, thalamus or cerebellum between patients 
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benzodiazepine receptor density was decreased suggesting that this drug may result in 
reduced number of available benzodiazepine receptors. In general, it is currently not 
certain whether the alterations found in patients with generalised epilepsy are a result of 
an increased number of neurons or a functional change in available receptors (Duncan, 
1997). Correlative neuropathological studies are required to answer this question.
There was no significant difference in [nC]diprenorphine binding between control 
subjects and patients with absence epilepsy, suggesting there is no overall abnormality 
of opioid receptors in this condition (Prevett et al., 1994). In a dynamic study, however, 
it was found that serial absences were associated with an acute 15-41% reduction in 
[nC]diprenorphine binding to association areas of fronto-parieto-temporal association 
cortex. This result implied release of endogenous opioids in the neocortex that may 
have a role in the pathophysiology of typical absence seizures (Bartenstein et al., 1993).
2.4. Functional MRI in epilepsy
Although there are various MR techniques capable of identifying dynamic changes 
within the brain (e.g. MR spectroscopy, MR diffusion and perfusion imaging), this 
section concentrates on BOLD (blood oxygen level dependent)- fMRI, which is now the 
leading technique for mapping human brain activation and which is the method used in 
this work.
EPI data acquisition
BOLD-fMRI benefits greatly from high-speed imaging, both for the acquisition of 
temporal information as well as for the reduction of the effects of physiological noise 
and head movement. The common imaging methods for MRI involve acquiring data in 
the two- or three-dimensional Fourier transform space of the object, commonly known 
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as quickly as possible with a minimum of image artifacts. The image acquisition 
method used in most fMRI applications is echo-planar imaging (EPI). It was first 
proposed by Mansfield et al. in 1977 and further developed more recently following the 
advent of high-power gradient-coils. The technique uses rapidly alternating gradients 
and can acquire an entire image within a single excitation. EPI is still a technologically 
challenging method and vulnerable to system imperfections such as timing mismatch, 
gradient waveform asymmetry and field inhomogeneity. This can result in severe 
geometric distortion and image ghosting (Allen et al., 2000).
Data pre-processing
The term pre-processing refers to operations performed on fMRI prior to their statistical 
analysis. The most prevalent procedures involve realignment of image volumes to 
correct for rigid body motions of the subject’s head while in the scanner, “warping” or 
“deformation” of an individual subject’s MRI brain volume to a template, reference 
brain volume, and smoothing.
Image registration can be performed within or between modality. The most common 
application of within modality coregistration is in motion correction of series of images. 
This is of particular importance in fMRI, as the signal changes due to any hemodynamic 
response can be small compared to apparent signal changes that can result from subject 
movement. Motion correction increases the sensitivity of the test to true activations. 
Furthermore, without suitable image registration, artifacts arising from subject 
movement correlated with the paradigm may appear as activations. Image registration is 
performed by determining a rigid body transformation for each of the images that 
registers them to the first of the series. This can be achieved through optimisation of the 
motion parameters by minimising the residual sum of squares (Ashbumer and Friston, 
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An example of between modality registration is the registration of a structural image to 
a functional image series. Again, this is a rigid body registration, but because the 
structural image is acquired in a different modality, the registration cannot simply be 
performed by minimising the residual sum of squares. Between-modality registration 
can be performed by first partitioning the images into grey and white matter and then 
simultaneously registering the partitions together (Ashbumer and Friston, 1997). 
Images from several subjects can be analysed together by first registering them into a 
common space; this registration process is called spatial normalisation. Spatial 
normalisation allows for a wide range of voxel-based analyses and facilitates the 
comparison of different subjects and databases. Using spatially normalised images, 
activation sites can be reported according to a standard coordinate system. The most 
commonly adopted standard space is that described by Talairach and Toumoux (1988). 
Spatial normalisation usually begins by matching the brains to a template image 
(defined within the standard space) of the same modality using a 12-parameter affine 
transformation. This transformation corrects for the variations in position, orientation 
and size of the brain. More subtle differences are then corrected by a subsequent non­
linear registration. Matching is only possible on a coarse scale, since there is not 
necessarily a one-to-one mapping of the cortical structures between different brains. 
Because of this, the images are smoothed prior to the statistical analysis in a multi­
subject study, so that corresponding sites of an activation from different brains are 
superimposed (Ashbumer and Friston, 2000).
Smoothing is a process by which data points are averaged with their neighbouring 
points in a series, such as a time series or an image. There are different methods of 
smoothing. The method applied in the SPM software package, which was used for the 
studies of this thesis, is smoothing with a Gaussian kernel. The kernel for smoothing 
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points. Thus, a Gaussian kernel is a kernel with the shape of a normal distribution curve. 
The Gaussian used for smoothing is usually described with the width of the Gaussian 
with another related measure, the Full Width at Half Maximum. Spatial smoothing has 
three objectives: (1) it increases the signal to noise ratio; (2) it conditions the data so 
that they conform more closely to a Gaussian field model, which is important if 
Gaussian field theory is used to make statistical interferences about regionally specific 
effects; and (3) it ensures that effects between different subjects are assessed on a 
reasonable spatial scale with respect to functional anatomy (Ashbumer and Friston, 
2000). Figure 1 provides a flow chart of the SPM image processing including the steps 
mentioned above.
Figure 1: The SPM approach is voxel based: Images are spatially normalised into a 
standard space and smoothed. Parametric statistical models are assumed at each voxel, 
using the General Linear Model to describe the variability in the data. Hypotheses 
expressed in terms of the model parameters are assessed at each voxel with univariateK. Krakow: EEG-correlated fMRI  39
statistics. This results in an image whose voxel values are statistics, a Statistical 
Parametric Map. Temporal convolution of the General Linear Model enables the 
application of  results from serially correlated regression, permitting the construction of 
statistic images from fMRI time series. The multiple comparisons problem of 
simultaneously assessing all the voxel statistics is addressed using the theory of 
continuous random fields, assuming the statistic image to be a good lattice 
representation of  an underlying continuous stationary random field. This results in 
correctedp-values for each voxel hypothesis.
Experimental Design for fMRI
Functional MRI relies on contrasts between images acquired in different brain states. 
From the different experimental designs possible in fMRI, the one should be chosen 
which provide maximum sensitivity for the effect to be detected.
The prototypical fMRI experimental design is the boxcar approach in which two 
conditions alternate over the course of the acquisition of serial scans. The periods of this 
“block design” consist usually of blocks of several trials. The “experimental blocks” are 
designed to evoke a particular response and alternate with “control blocks” that are 
designed to evoke all the processes present in the experimental block except for the 
response of interest. The strength of blocked designs is their high statistical power. The 
fundamental frequency of the boxcar can be positioned so that variance is maximally 
passed by the hemodynamic response function but avoids the elevated noise range at 
low frequencies (Aguirre and D’Esposito, 2000). However, blocked fMRI designs as a 
subtractive method rely upon the assumption of “pure insertion”. This means the idea 
that a (e.g. cognitive) process can be added to a pre-existing set of (cognitive) processes 
without affecting them. This assumption is difficult to prove because one would need an 
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process. If pure insertion fails as an assumption, a difference in neuroimaging signals 
between two conditions might result of an interaction between the added component 
and pre-existing components rather than the evocation of the process of interest (Zarahn 
et al., 1997).
Parametric designs offer the opportunity to obviate the assumption of pure insertion. In 
a parametric design, the experimenter presents a range of different levels of stimulation, 
and seeks to identify relationships between imaging signal and the values that the 
parameter assumes. In parametric designs, only the magnitude of the process of interest 
is altered. This approach is able to avoid the questionable experimental assumptions of 
blocked designs mentioned above, but it should be noted that it has a reduced sensitivity 
compared to a two-condition design that only uses the extreme stimulation levels. The 
most frequently used parametric statistical procedure in fMRI employs the general 
linear model (Cohen et al., 1997).
Continuously varying parametric or event-related designs attempt to model signal 
changes associated with individual trials as opposed to a larger unit of time comprised 
of a block of trials. Each individual trial may be composed on one event (e.g. a 
behavioural event or an EEG event) or several events. Even-related designs have the 
advantages (1) to allow the analysis of events with variable or random presentation 
sequences (Josephs et al., 1997) or even spontaneous and unpredictable occurrence, (2) 
to test for functional changes between different characteristics of a trial, and (3) to avoid 
the possibility of confounds that are the result of blocking events together.
BOLD-jMRI
BOLD imaging uses deoxyhemoglobin as an endogenous MRI contrast agent. Local 
cerebral blood flow is increased during cortical activity, even though oxygen 
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of oxygen to the capillary bed is increased, but much of it passes through to the venous 
system, resulting in a relative increase in venous PO2. The ferrous iron of 
deoxyhemoglobin is paramagnetic, but diamagnetic in oxyhemoglobin. When 
erythrocytes containing deoxyhemoglobin are exposed to the scanner’s main magnetic 
field, local field perturbations arise due to the difference in the magnetic susceptibility 
relative to the surrounding tissue. This susceptibility induced field shift is the source of 
BOLD contrast in T2* sensitised acquisitions: A reduced susceptibility of the venous 
blood then causes an increase in T2* (less T2* relaxation) and an increased MR signal. 
One important question for functional brain mapping using fMRI is how well the BOLD 
response is correlated with neuronal activation. There is a bulk of literature both in 
humans and animals demonstrating a consistency of the activation locations between 
BOLD functional maps and other modalities or anatomical landmarks (Chen and 
Ogawa, 2000, Logothetis et al., 2001).
The feasibility of using BOLD-fMRI for mapping neuronal activation was first 
demonstrated in the human brain during simple visual perception (Kwong et al., 1992, 
Ogawa et al., 1992) and motor tasks (Bandettini et al., 1992). In the following decade, 
numerous studies have applied fMRI to study physiologic brain function.
BOLD-fMRl activation studies in epilepsy
Only in the last years has fMRI been applied also to neurological patients, with perhaps 
the greatest impact in preoperative evaluation of patients with intractable epilepsy. 
Through the determination of functionally viable brain tissue (eloquent cortex), fMRI 
may predict deficit in cognitive, motor, and sensory perceptual functions that might 
arise from surgical intervention and influence surgical decisions.
There is reason to be optimistic that cognitive procedures used with fMRI will offer an 
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current "gold standard" for determination of language and memory lateralisation in the 
preoperative evaluation of epileptic patients. A number of investigators have now 
demonstrated that fMRI has potential to assist in the determination of lateralisation of 
language functions (McCarthy et al., 1993, Binder et al., 1995, 1997, Hertz-Pannier et 
al., 1997, Lehericy et al., 2000). The problem of identifying memory function with 
fMRI is the difficulty of developing tasks that can reliably activate mesial temporal 
structures thought to be critical to forming new explicit memories, i.e. the hippocampal 
formation and adjacent cortices. Such tasks are now being refined and show promise for 
exploring memory lateralisation capability in fMRI (Bookheimer et al., 1996, Stem et 
al., 1996, Peterson et al., 1997). However, results in epileptic patients are preliminary 
(Bellgowan et al., 1998, Jokeit et al., 2001). FMRI can also be used to predict functional 
deficits in other domains such as primary sensory and motor functions and thus help to 
identify boundaries of functional tissue before surgical intervention.
Further, fMRI is also capable of providing evidence for the direct localisation of the 
epileptic focus by identifying ictal or interictal epileptic activity, as described in the 
next section.
2.4.1.  Ictal and interictal fMRI in epilepsy
Ictal fMRI
The first attempt to use fMRI for localisation of epileptic activity was reported in 1994 
by Jackson et al. This case report dealt with a 4-year old patient with the diagnosis of 
Rasmussen’s encephalitis. The authors had performed a standard MRI of the patient’s 
brain that showed evidence for widespread right hemispheric atrophy primarily over the 
more dorsal lateral frontal region and inferior Rolandic area. The patient was prone to 
frequent and prolonged focal motor seizures that involved the left arm, hand, and face. 
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perfusion MRI scan. This study demonstrated a seizure-related perfusion defect over the 
right inferior motor cortex, corresponding to the area of maximum atrophy seen on the 
conventional MRI and to the region of maximum abnormality as identified with an ictal 
single photon emission tomography (SPECT) study using TC99 (Jackson et al., 1994a). 
A similar case was reported by Warach et al. (1994). This patient had prolonged focal 
status epilepticus and demonstrated a perfusion MRI abnormality over the left parieto­
frontal region using a susceptibility-weighted sequence and dynamic enhancement with 
gadolinium. This abnormal region was in keeping with the localisation of the spike 
focus of scalp EEG and the hyperperfusion defect detected with ictal SPECT. The EEG, 
perfusion-based MRI abnormality, and SPECT findings normalised after more 
aggressive medical management. Further case reports were published by Detre et al., 
1995 and 1996, Krings et al., 2000 and Salek-Haddadi et al., 2002. These studies have 
demonstrated that fMRI was capable of imaging reversible perfusion or BOLD 
abnormalities associated with epileptic seizures, with the abnormality localised closely 
to the site of maximum electric abnormality. However, ictal fMRI is not routinely 
feasible for a number of reasons: Most ictal events are associated with head and body 
movement and impairment of consciousness usually to a degree that the required level 
of cooperation for an MRI scan cannot be achieved. Furthermore, BOLD-fMRI is not 
sensitive to detecting low frequency state-related changes due to large intersessional 
effects and scanner noise characteristics. Together with the slow HRF, this limits 
detection power to a narrow frequency band and will tend to necessitate capturing both 
seizure onset and termination. Seizures, however, are usually short lasting and 
unpredictable. It is impracticable for a patient, even with frequent seizures, to lie for 
hours in a MR scanner awaiting the onset of one or several seizures. FMRI studies with 
concurrent EEG recording are complicated further by the extra time involved in 
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practical reasons, the investigation of ictal activity will be limited to highly selected 
patients who have (1) seizures without gross head movement, and (2) seizure series, 
status epilepticus, epilepsia partialis continua or other predictable seizures, e.g. reflex 
epilepsy.
Interictal fMRI
Compared with ictal fMRI, mapping of interictal activity has several advantages: (1) 
IED are a common phenomenon in patients with epilepsy; (2) IED are usually not 
associated with stimulus-correlated motion; and (3) fMRI activation associated with 
single IED are less likely to be confounded with propagation effects compared with 
ongoing ictal activity. As IED are by definition a sub-clinical phenomenon, a second 
modality is necessary to identify these events. Hence, this approach was only made 
possible by recording EEG inside the MR scanner (EEG-correlated fMRI). With this 
technique, single sub-clinical epileptiform discharges can be detected during a scanning 
session and can be used to trigger fMRI acquisitions. The rationale for using EEG- 
correlated fMRI in epilepsy, and the methodology and clinical application of EEG- 
correlated fMRI are described in detail in chapter two and the following sections.K. Krakow: EEG-correlated fMRI  45
Chapter 3 
Rationale for using EEG-correlated fMRI to study epileptic activity
This thesis deals mainly with EEG-correlated functional MRI (EEG/fMRI), which is 
the general term that refers to fMRI experiments with recording of EEG inside the MR 
scanner. The term EEG-triggered fMRI is used for EEG/fMRI experiments in which 
fMRI acquisitions are triggered after spontaneous EEG events, and the term 
simultaneous EEG/fMRI designates for experiments in which fMRI is acquired 
periodically or continuously during concomitant EEG recording.
3.1.  Using EEG-correlated fMRI to localise epileptic activity
Epilepsy is a disorder of brain function characterised by clearly defined, transient 
behavioural and electrophysiological disturbances, with or without clinically detectable 
structural lesions (Engel, 2000). Even when structural abnormalities are identified, 
functional tests are necessary to demonstrate that they are epileptogenic. Investigations 
of epileptic foci in humans have been hitherto limited by either the low spatial or 
temporal resolution of the available diagnostic tools. Due to their restricted spatial 
sampling and the insoluble „inverse problem4 4  of working back from scalp potentials to 
derive the likely sites of their generators, neither EEG nor MEG can directly localise the 
source of epileptic activity. Furthermore, as described in chapter 1, functional imaging 
studies using PET and SPECT have shown an increased blood flow and metabolism in 
the region of the seizure focus during ictal events (Engel et al., 1983, Lee et al., 1986) 
and, in contrast, a decreased blood flow and metabolism during the interictal state 
(Engel et al., 1982). Due to their low temporal resolution, however, these methods 
sample activity continuously over a prolonged period of time, and hence cannot 
investigate the changes in blood flow and oxygenation related to brief epileptic activity 
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The main diagnostic question in patients with focal epilepsy, particularly in presurgical 
evaluation, is to localise the area of brain necessary to generate seizures, the 
„epileptogenic zone“ (Luders et al., 1993). Functional MRI correlated with IED 
localises brain areas involved in generating these particular EEG events. The area of 
cortex that generates interictal spikes is labelled as the „irritative zone4 4 . This is not 
necessarily identical with the cortical area that initiates seizures, the „ictal onset zone*4 , 
but has typically a close spatial relation (Ebersole and Wade, 1991; Liiders et al., 1993). 
Knowledge of the generators of IED would provide crucial information for :
(1) interpreting the findings of routine EEG studies. The detection of interictal 
epileptiform discharges in the scalp EEG has been the mainstay for the diagnosis and 
classification of epilepsy for more than fifty years. However, the EEG interpretation is 
still limited by the impossibility to identify directly the underlying generators of EEG 
events. This is due to the restricted spatial sampling and the insolubility of the „inverse 
problem4 4 . The distribution of fMRI-derived cortical activation could be used to 
constrain generator modelling of the scalp-recorded epileptiform discharges and thereby 
may be helpful in addressing the inverse problem, which limits the interpretation of 
scalp EEG;
(2) understanding the underlying pathophysiological mechanisms of epilepsy, e.g. the 
neuro-vascular coupling of epileptic activity or the propagation of epileptic activity;
(3) relating the anatomical site of the underlying structural abnormalities to the sites of 
functional disturbance (e.g. in malformations of cortical development, vascular 
malformations or brain tumours);
(4) planning the appropriate extent of surgical resection in respect of different lesional 
pathologies in pharmaco-resistant patients undergoing epilepsy surgery. Experimental 
work has indicated that there are likely to be different mechanisms of epileptogenesis, 
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3.2. EEG-correlated fMRI beyond localising epileptic activity
As mentioned above, EEG-correlated fMRI, like other functional neuroimaging 
techniques, can be used for identification of localised interictal (or ictal) abnormalities 
in patients with epilepsy. However, accurate localisation of the epileptogenic region is 
only of direct clinical importance when patients are candidates for surgical treatment. At 
present, therefore, functional neuroimaging does not play much a role in clinical 
epilepsy diagnosis apart from considerations for surgical treatment.
According to (Engel, 2000) in addition to improving the localisation of the 
epileptogenic region for surgical treatment, future applications for EEG-correlated 
fMRI in epilepsy, in combination with other functional imaging modalities, therefore 
might derive from the potential to (1) assess the degree of epileptogenicity; (2) provide 
differential diagnosis among various epileptic seizures, syndromes, and diseases, (3) 
offer insights into basic mechanisms of epilepsy and epilepsy-related disturbances, and
(4)  provide information on the mechanisms of actions of antiepileptic pharmacotherapy 
and alternative therapies. So far, as it will be discussed later, EEG-correlated fMRI has 
demonstrated that it can contribute to localise the epileptogenic region, but it provides 
no reliable information about its extent. Interictal spikes recorded during 
electrocorticography commonly occur beyond the area that needs to be removed in 
order to eliminate habitual seizures (Liiders et al., 1993). This has given rise to the 
concept of “red spikes” and “green spikes”. It would be a major advantage if “red 
spikes”, which indicate the epileptogenic region, could be distinguished from “green 
spikes”, which do not. EEG-correlated fMRI might have the potential to distinguish 
specific characteristics of interictal spikes directly related to the generation of seizures 
from spikes that represent propagation. There is experimental evidence in animals and 
humans that interictal spikes arising from the primary epileptogenic region contain very 
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elsewhere (Bragin et al., 1999). If this is the case, and fMRI imaging of interictal spike 
generators can be used to identify a distinctive physiologic correlate, fMRI may be 
capable of accurately mapping the extent of the epileptogenic region, particularly in 
patients with no structural lesion visible on anatomical MRI and in patients with diffuse 
or multiple structural abnormalities. Furthermore, should this succeed in identifying 
interictal disturbances unique to the epileptogenic region, ictal recordings may not be 
necessary. (Video EEG telemetry monitoring is the most expensive part of the 
presurgical evaluation, and eliminating it would greatly reduce the cost of surgical 
treatment).
The development of a functional imaging technique that could reliably identify 
epileptogenic potential interictally could have other major clinical applications. Such a 
test could be used to distinguish between epileptic disorders and other conditions that 
mimic epilepsy. If the test could be used to predict whether lesions are likely to give rise 
to spontaneous seizures (e.g. following head trauma or stroke), it might lead to the 
development of preventive measures. If the test could be used to determine in patients 
who already have epilepsy whether the underlying substrate is progressive, or whether 
secondary epileptogenic regions are likely to appear, more aggressive treatment, such as 
epilepsy surgery, might be recommended earlier than currently.
Further, there is a need for a means of determining whether an antiepileptic drug will be 
effective in a given patient without waiting for seizures to occur. If fMRI could be used 
to measure the epileptogenic potential, it might be possible to test efficacy of specific 
drugs in individual patients, and even adjust dose regimens, without the need for the 
tedious trial-and-error assessment currently in use. Such a test would have a major 
impact on clinical trails of antiepileptic drugs, on drug development in experimental 
animal models. Furthermore, such a test could be able to determine when it is safe to 
taper and discontinue antiepileptic drugs after a period of freedom from seizures.K. Krakow: EEG-correlated fMRI  49
Chapter 4 
Methodology
All studies presented in chapters 4 to 7 were approved by the ethics committee of the 
National Hospital for Neurology and Neurosurgery. All patients and probands gave 
informed consent.
4.1.  Patient safety issues in EEG-correlated fMRI
General considerations
The potential health hazards in EEG/fMRI experiments can be classified into two 
categories: first, the risks associated with the interactions between the patient, the EEG 
leads and the MRI scanner’s electromagnetic fields; second, the risks associated with 
the handling of patients and the EEG recording equipment in the MR environment. This 
section will concentrate mainly on the former; a discussion of the issues related to 
patient and equipment handling can be found in standard textbooks on MRI (Shellock 
and Kanal, 1996). The only explicit recommendations regarding this issue are that all 
EEG equipment introduced in the vicinity of the MR scanner should be tested for MR- 
compatibility (Holshouser et al., 1993, von Smekal et al., 1995) and that a specific 
EEG/fMRI patient and equipment handling protocol be devised.
The main steps to study potential hazards from the interactions between the patient, the 
EEG leads and the scanner’s fields can be summarised as follows: (1) identify the 
mechanisms which may lead to harm to the patient; (2) identify existing relevant safety 
guidelines; (3) derive theoretical estimates of the effects based on the basic physical 
laws; (4) adapt those estimates to the specific context of MRI; (5) identify the 
mechanisms that represent the largest potential risk factors; (6) perform measurements 
to confirm estimates when the uncertainty is too large; and (7) make recommendations 
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The physical principles of  the interactions between patient, EEG equipment and MRI 
scanner
There are three types of electromagnetic fields used in a MR imager which can lead to 
potential safety hazards due to the induction of currents in the EEG electrodes and 
leads: the main static magnetic field, the time-varying magnetic gradient fields, which 
have different orientations and operate at ~ 1  kHz; and the radio-frequency (RF) pulsed 
field generated by the head coil which is homogeneous in the central region of the head 
coil and operates at 42.6 MHz/T. The RF field has two components: magnetic and 
electric. MR head coils are designed to maximise the RF energy, which is transmitted to 
the body via the magnetic field and minimise the electric contribution (Hayes et al., 
1985, Chen and Hoult, 1889,). Nonetheless, the electric component can be a potential 
health hazard when wires are placed in the vicinity of the RF transmitting coil (Hofman 
et al., 1996, Konings et al., 1998). This is due to a resonant antenna effect occurring if 
the length of the wire is of the same order as the wavelength of the RF field, and is 
strongly dependent on the position of the wire in the coil, the immediate environment of 
the wire (e.g. air or tissue) and the type of coil (body or head, field polarisation). For the 
set-up described here, this effect was not found to be a significant potential hazard 
(Lemieux et al., 1997).
Conducting loops and other mechanisms
Low-impedance conduction through the patient represents a potential hazard as currents 
may be induced in the presence of the electromagnetic fields used in MRI due to the 
presence of a loop in the time-varying gradients and RF fields and the loop movement 
in the static field due to body movements. In EEG/fMRI, conducting loops will 
inevitably be present in order to measure electrical potentials on the head. Although 
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loops may form as follows: exposed lead wire in contact with patient; two leads in 
direct electrical contact; a single wire bending on itself and current being able to flow 
through the insulation at RF frequencies; and failure of the EEG pre-amplifier circuit. 
Most of the above represent single-fault conditions. However, pre-amplification circuits 
that have a low-pass filter at the “front end” could also provide relatively low- 
impedance in the RF bandwidth. Similarly, a conducting loop could be formed due to 
the capacitance between parallel leads, with the induced current flowing through the 
patient. Currents in the leads may cause excessive heating of current-limiting resistors, 
and must therefore be investigated. Heating due to eddy currents induced within the 
electrodes and other conducting media in contact with the patient must also be assessed 
(Duckwiler et al., 1990, Lufkin et al., 1988, Roth et al., 1992). The results of Lemieux et 
al. (1997) for standard electrodes and gel revealed negligible heating, even when using 
sequences with high RF output.
Specific health risks and relevant safety guidelines
Conducting loops provide a concentration of current in metallic components and 
therefore a high current density in the adjacent tissue. Currents induced in the body 
through conducting materials or within conductors in contact with the body in the 
presence of time-varying electric or magnetic fields, such as described above, are 
referred to as “contact currents” and represent a well documented health risk (National 
Radiological Protection Board, 1995). These hazards are: ulcers due to electrolysis from 
DC currents (Smallwood et al., 1983); electric shock or stimulation below 100 kHz; and 
heating above 100 kHz from currents flowing through the patient or in objects in 
contact with the patient (National Radiological Protection Board, 1991, Schaefer et al., 
1993).
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relevant general guidelines for physiological monitoring (mainly derived from 
experience with ECG monitoring inside MR scanners) have been published (Shellok 
and Slimp, 1989, Brown et al., 1993, von Smekal et al., 1995). For ECG/MRI, the main 
risk is that of RF bums at the points of contact between the ECG leads and the patient 
(Shellok and Slimp, 1989, Brown et al., 1993). Therefore, it is recommended to 
minimise loops, avoid wires from crossing each other and limit currents by using 
higher-resistance leads. As the amplitude of EEG signal is approximately two orders of 
magnitude lower than ECG, such leads are likely to give significant degradation of the 
EEG signal.
Safety guidelines and investigative work in other areas which address the same basic 
physical interactions as described above can be used to establish safety limits: (1) 
recommendations on maximum contact currents resulting from exposure to time- 
varying electromagnetic fields by the National Radiological Protection Board, UK 
(1995); (2) safety guidelines on the use of electrical equipment from the International 
Electrotechnical Committee’s “Medical electrical equipment: specification for general 
safety requirements” (IEC601.1) (1998); (3) published research on RF-bum hazard in 
animals (Brown et al., 1977).
In the study of Lemieux et al. (1997) the above limits have been interpreted as 
representing root-mean square (RMS) continuous-wave values and the lowest value 
across all standards and guidelines were chosen: 0.01 mA in the normal operating mode 
(NOM) and 0.05 mA for the single-fault condition (SFC) for DC; 0.1 mA (NOM) and 
0.5 mA (SFC) at low frequency (~1 kHz;); and 10 mA (NOM and SFC) for RF. For RF 
the value for normal operating mode as low-impedance loops can exist during normal 
operation was selected; at lower frequencies this mechanism does not apply and the 
single-fault condition values must be used. In the case of potential heating of objects in 
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allowable temperature of 41°C (Lorrain and Corson, 1970).
Estimates of induced voltages
Here a summary of the derivation of formulas for the calculation of the induced 
voltages due to the switching gradients, RF pulses and loop movement in the static field 
is presented. These are derived from the application of Faraday’s induction law (Lorrain 
and Corson, 1970). Then the current-limiting resistor values for each of these for a 
specific scanner are calculated.
Gradient switching
It is assumed that all gradients can be simultaneously switched at the maximum rate and 
that the loop is lying in a plane perpendicular to the direction of the main field, Z, i.e. 
the worst case, at a distance z from the gradient coil isocentre. Then, the peak voltage 
induced by the switching gradients, V q, is given by:
I   VQi, max I   Smax A  Z
where A is the loop area and sm ax  is the maximum gradient slew rate.
V rm s  =  0)0 A K H(W) ^/SARavg 
RF pulses
A circularly polarised magnetic field, B\, rotating in the axial plane at the Larmor
frequency coo (=27ix42.5£MHz/T) and a conducting loop of area A placed in a plane
placed perpendicular to B\ is considered. Consideration of the effects of loop position, 
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averaged induced voltage, V rm s (Lemieux et al.,  1997):
V  rms  0)„ A K H(w) 7sAR,v8
where K is a geometric gain factor to take into account the loop position in the head coil 
and RF 5/-field inhomogeneity, H(w) is an empirical function of the subject’s body 
weight, SARavg is the average whole-body Specific Absorption Rate in Watt/kg. Note 
that this equation has been derived for a specific scanner (Lemieux et al., 1997). 
Movement in Bn field
Movement of a loop relative to Bo may result in an induced voltage, Vm ov, given by:
■   dS^
V m o v  I   Bo  , dt
where dS/dt is the rate of change of loop area normal to the field.
Current-limiting R value for a GE Signa MRI scanner and worst case low impedance
10Q£
The concept of a worst-case low impedance loop with an area of 400 cm2 was used.
This is based on a head diameter of 20 cm and electrodes positioned around the head. 
For our GE Signa 1.5 T Echospeed (GE Medical Systems, Milwaukee, USA), the 
relevant parameter values are: sm ax  = 120 T nf1  s'1; length of the head coil is 0.4 m. The 
loading function of the body weight H(w) was obtained from the scanner’s 
manufacturer (Lemieux et al., 1997).
For the gradients, assuming that the induced waveform (the time derivative of the 
gradient waveform) is a continuous square-wave of the same amplitude, application of 
the first equation gives a worst case RMS value of 1.66 V; This is a pessimistic 
estimate, because for the MR system used, the gradient waveform is a trapezoid and 
therefore there is a non-zero time gap between successive periods where dB/dt is non­
zero. Taking a maximum allowable current at 1  kHz of 0.5 mA RMS, a current-limiting 
resistance of 3.3 kf2 is obtained.K. Krakow: EEG-correlated fMRI  55
For RF, the measurements have shown that K~ 1  (Lemieux et al., 1997). In order to 
assess a worst case, the example of a fast spin-echo sequence with magnetisation 
transfer contrast is used, with a SARavg value of 0.06 W/kg1 , which is near the allowed 
maximum. From the second equation a Vrm s of 52.7 V is obtained. Given a maximum 
allowable current of 10 mA, a current-limiting resistance of 5.3 kQ is obtained.
If a loop is moved from a position parallel to static field to one normal to the field in
0.25 second, i.e. a brisk movement of the head, with a constant rate of change of area, 
V m ov will be 0.24 V. Assuming that the threshold of sensation is 1  mA (Smallwood et 
al., 1983) this indicates that a resistance of 240 n  is required to protect against this risk.
Heating in current-limiting resistors and other components
The current-limiting values calculated above do not take into account the heating of the 
resistor that may arise when the maximum allowed current flows through it. Heat 
dissipation in resistors generally obeys the relationship:
V  2 AT  =  RlhV -^~.
K
where AT is the temperature increase (°C), Rth  is the thermal resistance (°C/Watt) and 
Vrm s2/R is the RMS power (Watt). As indicated previously, AT must be less than 20°C,
and therefore:
Taking a specific type of resistor (‘ /2-Watt carbon-composition resistor, type 101-4, 
Vitrohm GmbH, Germany), Rth  is 85. For the gradient-induced currents, Vrm s < 1.66V 
and therefore the inequality gives: R>  11.7 Q. For the RF-induced currents, Vrm s < 53
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V, and therefore R > 11.9 kf2. For loop movement-induced currents, Vrm s < 0.2 V, and 
therefore R > 0.17 Q.
Therefore, the minimum value of resistance that ensures that both the maximum 
allowable current at any given frequency and the resistor temperature increase are not 
exceeded is 11.9kO.
General comments on higher field strengths
The equations given above can be used to obtain theoretical estimates of the induced 
voltages for a range of main and gradient field slew rates. However, factors like RF coil 
transmission homogeneity and the gradient switching waveform should be considered 
when trying to implement EEG/fMRI in a different scanner. In certain cases it may be 
possible to adapt the above equations to the specific parameters of the new scanner, for 
example in the case of a different gradient switching waveform, whereas in other cases 
new experimental work may be required. Regarding the calculation of the RF-induced 
voltages, the general form of the second equation should apply to any scanner, however 
the exact form of the factors K and H(w) may vary.
Summary of  patient safety issues
The study of Lemieux et al. (1997) remains the main source of guidance in this field. In 
summary, it was found that the main source of potential hazards is the RF field. It was 
therefore recommend placing a resistor at each EEG lead, as close as possible to the 
electrode, with a minimum value of 11.9 k£2.
4.2.  EEG quality
Interactions between the patient, EEG electrodes leads and the magnetic fields in the 
scanner can result in artifacts, which make recognition of EEG events difficult. TheseK. Krakow: EEG-correlated fMRI  57
artifacts are generated as a result of two physical principles: a change in the magnetic 
flux through a loop will induce an electromotive force (emf) in the loop (Faraday’s 
induction law), and movement of blood (a conductor) normal to a magnetic field leads 
to induced potentials (Tenforde et al., 1983). These principles may lead to EEG artifacts 
of varying significance for a number of reasons.
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Figure 2: EEG artifact due to the changing magnetic fields applied during image 
acquisition. This artifact is clearly much larger than the EEG activity.
Image acquisition artifact
The changing magnetic fields applied during image acquisition may induce emfs in the 
electrode leads and the subject’s head. These emfs can be of large amplitude (figure 2) 
and are generated by the gradient fields, which may contain activity in the EEG 
frequency range, and the RF pulses which, although of much higher frequency, can also 
generate EEG artifact due to the demodulating effect of non-linearities in electrodes and 
EEG amplifiers. The significance of this artifact depends on the EEG/fMRI experiment 
paradigm. For EEG-triggered fMRI, providing the images are acquired in a brief periodK. Krakow: EEG-correlated fMRI  58
(less than the peak hemodynamic response time), this artifact does not present a 
significant problem as it occurs after the EEG event has been identified and any 
additional EEG events masked by the artifact should not contribute to the fMRI 
response. For simultaneous EEG/fMRI, this artifact is more significant. A method for 
removing the image acquisition artifact from EEG recordings is presented in chapter
7.2.  Although low-pass filtering before the amplifier front-end can reduce effectively 
the contribution due to RF interference and amplifier non-linearity (Laudon et al.,
1998), overlap of the EEG and gradient interference spectra suggests that linear filtering 
alone will not remove this artifact without significant distortion of the EEG waveform. 
Laudon et al. (1998) have reported a method for minimising this artifact in ECG 
recordings, by subtracting the induced signal detected by an external loop aligned with a 
pair of ECG electrodes. Although this method achieved an 80% reduction in artifact 
amplitude, the method has not been evaluated in vivo or for echo-planar imaging (EPI), 
and would be difficult to apply to multi-channel EEG recordings. Kreger and Giordano 
(1992) have described an adaptive filtering technique for removing this artifact from 
ECG signals. This technique correlates noise reference signals derived from the gradient 
field currents (modified to model the frequency characteristics of the ECG recording 
equipment), and subtracts the correlated signals from the noisy ECG signal. However, 
no quantitative results were provided and the method has not been evaluated for EEG 
recordings.
Pulse artifact
Movement of the subject’s head and electrode leads may alter the area normal to the 
static field of a loop between electrode leads, resulting in an induced emf in the leads. 
Tilting of the subject’s head may change the area of scalp normal to Bo, inducing an emf 
on the scalp. Artifacts  due to these factors both result from patient movement. LargeK. Krakow: EEG-correlated fMRI  59 
movements such as swallowing, talking or head turning cause gross artifacts (figure 3).
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Nodding,  Inside Scanner
Figure 3: Low amplitude movement artifact in the EEG recorded outside the scanner 
due to the subject nodding his head. The MD channel is a movement detector, which 
gives a broad indication of the amount of  head movement. Inside the MR scanner, the 
movement detector indicates a similar amplitude of  the head movement, but the 
movement artifact is now much larger.K. Krakow: EEG-correlated fMRI  60
These may mimic epileptiform activity, although recording from a movement detector 
can assist in differentiating these (Hill et al., 1995). In contrast, small body movements 
due to pulse and the blood flow effect may produce pulse artifact which is a more 
significant problem as this may be widespread on the scalp, have a large amplitude peak 
followed by a complex waveform throughout the inter-pulse period, and persist 
throughout a recording (figure 4). This appears to be a universal problem as there are 
many reports of this artifact from different centres, using different EEG recording 
equipment (Ives et al., 1993, Hill et al., 1995, Huang-Hellinger et al., 1995, Felblinger 
et al., 1997).
No Pulse Artifact Subtraction
Fp1-F3
With Pulse Artifact Subtraction
F3-C3
C3-P3




Figure 4: A section of  EEG recorded  from a normal subject inside the scanner, with 
and without pulse artifact subtraction. An epileptiform discharge (spike) has been 
added to this record.  Without pulse artifact subtraction, the EEG is obscured by large 
amplitude widespread pulse artifact and the spike is difficult to identify. After applying 
pulse artifact subtraction, the spike is clearly visible.K. Krakow: EEG-correlated fMRI  61
To quantify the extent of this problem, Allen et al. (1998) measured the amplitude of 
pulse artifact for bipolar derivations in 6 subjects in a 1.5 tesla scanner and found that 
pulse artifact was largest in channels with frontal-polar or fronto-central electrodes and 
showed large intra- and inter-individual variations in amplitude. Using bundles of 
electrodes with leads twisted together to minimise the inter-electrode lead loops (for 
example the 5 electrodes for an anterior-posterior chain) gave 37% less artifact than if 
loops were not minimised, but the artifact was still greater than 50 pV in at least one 
channel in 5/6 of these recordings. As the amplitude of most scalp EEG events is 
normally between 10 and 150 pV, this artifact is clearly a significant problem. 
Interestingly, the experience of our research group (>70 EEG/fMRI recordings) 
indicates that pulse artifact is normally larger in males than females although the 
explanation for this is unclear.
Although the relative contributions to this artifact of head movement and blood flow 
effect are unclear, rejecting either is difficult as setting electrodes distant from scalp 
arteries and preventing small pulse-related head movements for the duration of an 
EEG/fMRI study (typically > one hour) are both impractical. In addition, the amplitude 
of pulse artifact is directly related to Bo and hence pulse artifact for scanners with higher 
Bo will present a greater problem. Hence, with the exception of large amplitude (>200 
pV) frontal EEG events or lower amplitude events in the posterior/temporal regions, 
reliable EEG event detection is difficult in many subjects unless a method for removing 
the pulse artifact is used.
Allen et al. (1998) developed a pulse artifact removal method that subtracts an on-going 
average of the artifact waveform for each EEG channel (figure 5). ECG peaks (QRS 
complexes) in the previous 10 seconds are automatically identified by pattern 
recognition, then the average pulse artifact waveform is identified for the period ± half 
the R-R interval, time-locked to these ECG peaks, is calculated for each EEG channel.K. Krakow: EEG-correlated fMRI  62
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Figure 5: A schematic of the pulse artifact subtraction method used  for all EEG/fMRI 
studies presented here.  This method processes EEG on a second-by-second basis and 
requires the previous 10 seconds of  EEG and ECG signals.  (A) An ECG peak 
corresponding to a QRS complex is identified by detection of a turning point following 
an amplitude threshold crossing.  (B) PA waveforms in the EEG channels, time-locked 
to the ECG peaks (for example at points A and F) are averaged.  (C) The averaged PA 
signal for each channel is subtracted  from the EEG signals at times corresponding to 
the ECG peaks (plus the time interval described in part G below) in the last 3 seconds. 
This ensures all PA waveforms affecting the penultimate second of EEG are subtracted: 
this second of EEG is then displayed.  (D) To confirm that an ECG peak detection 
corresponds to a QRS complex, an averaged QRS waveform is calculated  from the first 
four ECG peak detections with temporal characteristics which indicate a high 
probability of being QRS complexes.  (E) ECG peaks corresponding to noise in the ECGK. Krakow: EEG-correlated fMRI  63
signal are rejected due to a low value of  cross-correlation with the averaged QRS 
waveform calculated in D. (F) QRS complexes which are not detected by threshold 
crossing are identified by detecting an “R-R ” interval between successive ECG peaks 
which is an integer number of  the mean R-R interval and extra ECG peaks are added 
accordingly. (G) The sections of  EEG (duration ±half  the mean R-R interval) occurring 
a short time interval after the ECG peaks are averaged. A time interval is necessary as 
the peak of  the PA in an EEG channel normally occurs a short time after the QRS 
complex. (H) If  the section of  EEG time locked to an ECG peak contains other artifacts, 
the section is excluded  from the average PA waveform.
This average waveform is then subtracted from the current section of the EEG channel. 
A 10 second averaging period is sufficiently short to allow changes in the pulse artifact 
waveform to be identified, but is long enough to separate the pulse artifact and 
underlying EEG by averaging out cerebrally generated components. This method was 
evaluated in 6 subjects using spectral analysis (Allen et al., 1998). The frequency 
spectra for EEG recorded inside the scanner with no pulse artifact subtraction showed a 
large increase in activity relative to that recorded outside the scanner, across the 
frequency range of most EEG activity, with the largest median increase (307%) present 
in the 4 to 8 Hz range. The pulse artifact subtraction method reduced this increase 
significantly across the whole frequency range analysed. To validate the method for 
identification of EEG events, lateralised IED were added to recordings from inside and 
outside the scanner: the method increased significantly the proportion of correctly 
identified spikes (from 35% to 73%) and decreased the rate of false spike detection 
(from 15.7 to 8.7 per hour). Artifact subtraction is performed on-line, and introduces a 
1-second delay in the display of the corrected EEG. This method of pulse artifact 
subtraction was implemented on the intra-MRI EEG recordings system and used in allK. Krakow: EEG-correlated fMRI  64
EEG/fMRI experiments described in the following chapters.
Other artifacts
Outside the magnet bore, the static field is non-uniform and hence movement of a loop 
formed between electrode leads may cause the loop to experience a relatively large 
change in magnetic flux resulting in an induced emf. However, by twisting electrode 
leads together from the subject’s head to the amplifier inputs (to minimise inter­
electrode lead loops) and fixing the leads securely to a stationary surface (to minimise 
lead movement), this artifact can be reduced effectively.
As has been stated previously, a current-limiting resistor is recommended in each 
electrode lead for patient safety (for the equipment described here). EEG from a subject 
inside the scanner both with and without these resistors (amplifier input impedance >20 
MOhm) was recorded. No visually identifiable difference in background noise was 
apparent in the EEG, suggesting that this value of resistance can be used without 
compromising EEG quality. Indeed, the electromagnetic shielding of the scanner room 
can help reduce mains 50 Hz artifact in the EEG to an amplitude lower than is present 
with the subject outside the bore.
Summary of  EEG quality
EEG of sufficient quality to allow reliable identification of most EEG events can be 
recorded while scanning is not ongoing providing careful arrangements of electrode 
leads and pulse artifact subtraction are used allowing event identification for the 
purpose of EEG-triggered fMRI.
4.3.  MR image quality
EEG recording inside the MR scanner can decrease MR image quality, especially whenK. Krakow: EEG-correlated fMRI  65
echo-planar imaging (EPI) is used, which is more sensitive to artifacts than 
conventional imaging sequences. While the issue of image artifacts caused by 
biomedical implants and devices has been investigated extensively, the specific effects 
of EEG-recording on the EP image quality have been addressed only by a few studies 
(Ives et al., 1993, Huang-Hellinger et al., 1995, Krakow et al., 2000). Nonetheless, these 
studies have identified two main mechanisms of the EEG recording, which can 
compromise the MR image quality:
(1) Local signal drop-outs and geometric distortions due to EEG electrode assemblies 
attached or close to the head due to their magnetic susceptibility and the possible 
existence of eddy currents in the conductive components of these assemblies.
(2) Degrading of the image signal-to-noise-ratio due to electromagnetic noise emitted 
by the EEG recording equipment.
In this section, the results of a detailed study of the above effects are described (Krakow 
et al., 2000a). The main purpose of this study was to evaluate the above effects on a 
representative sample of EEG recording components in order to identify the most 
appropriate components for the EEG/fMRI experiments performed in our laboratory, 
and to provide a general framework that can be useful to other researchers interested in 
evaluating their own equipment for EEG recording inside a MR scanner.
Material and methods
All imaging was performed on a 1.5 tesla Horizon EchoSpeed MRI scanner (General 
Electric, Milwaukee, USA) unless stated otherwise.
1.  Measurement of the scalp-cortex distance: T1-weighted inversion-recovery prepared 
volume acquisitions (Fast IRSPGR: TI/TR/TE/flip = 450/15/4.2/20; 124 1.5 mm thick 
coronal slices; 256x192 matrix, 24x18 cm FOV) of 10 healthy volunteers were acquired 
(4 males, median age 36.0, range 17-50 years). The distance between the surface of theK. Krakow: EEG-correlated fMRI  66
scalp and the cortex was measured at locations corresponding to the position of the FP1, 
F3, F7, C3, T3, P3, T5 electrodes of the 10/20 system, using the image display and 
analysis software MRreg (Moran et al.,1999).
The three following experiments were carried out using a gradient-echo EPI sequence 
similar to the one which has been used in fMRI experiments: TR/TE = 3000/40, 
bandwidth 100 kHz, 24 cm FOV, flip angle 90, acquisition matrix 96x96, reconstruction 
matrix 128x128. Fat saturation was explicitly selected to prevent the scanner from using 
the spectral spatial pulse. Twenty contiguous 5 mm-thick slices were acquired in an 
interleaved fashion.
2. Quantification of the local signal drop out and geometric distortions on a phantom: 
The EEG electrode assembly is the part of the EEG recording equipment, which is in 
close contact to the subject’s head. It consists of the following components, which all 
were assessed in this study: EEG electrodes, conductive electrode gel and paste, 
electrode adhesive, current-limiting resistors, insulating sleeve enclosing the resistor, 
and wire. Details of the origin and composition of the components are given in table 1. 
Each component was attached individually on the surface of a 10 cm glass sphere filled 
with distilled water. Electrodes, resistors and wires were tested both with their long axis 
parallel (placed on top of the phantom, axial sections) and perpendicular (frontal side of 
phantom, coronal sections) to the Bo magnetic field. Adhesive and gel were only tested 
on top of the phantom for practical reasons. All objects were scanned twice in each 
position on different occasions. Measurements were also made with the whole electrode 
assembly attached to the phantom. The maximum perpendicular depth of artifacts was 
measured in the images using MRreg.
3. Quantification of artifacts in vivo for the components with acceptable artifacts as 
measured in the phantom experiments: Electrode assemblies (consisting of an electrode, 
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components which gave acceptable results in the first experiment where placed on the 
right side of the scalp of a volunteer at the 10/20 electrode positions used in clinical 
studies (FP2, F8, T4, T6, 02) (Krakow et al., 1999b). These were compared to electrode 
assemblies made up of non-optimised components, which had been used previously for 
intra-MR EEG recordings (Ag/AgCl electrode, carbon current-limiting resistor, 
silicone-insulated lead) (Krakow et al., 1998). These were placed at the equivalent 
positions on the left side of the head. The experiment was repeated using a high 
resolution EPI (sequence parameters as above, except matrix size: 256x256). The depth 
of the artifact was measured using MRreg.
4. Quantification of the image noise caused by the electromagnetic fields generated by 
the EEG recording equipment: The EEG recording system consisted of electrode 
assemblies, placed in the head coil beneath the phantom and connected to a non-ferrous 
headbox (developed in-house) located at the entrance to the bore of the magnet (head 
coil - headbox distance = 125 cm). The headbox was connected to an unscreened 
battery-powered Neurolink Patient Module (Physiometrix, MA, USA), placed at the 
side of the MR scanner (distance to the bore of the magnet: 130 cm). This digitises and 
transmits the EEG signal out of the scanner room via a fibre optic cable to the 
Neurolink Monitor Module, which reconstructs the analogue EEG signals. Phantom 
images were acquired with (a) the unshielded Patient Module switched off, (b) the 
unshielded Patient Module switched on and (c) the Patient Module switched on, 
shielded with a double-walled aluminium/plastic box and a RF-filter in-line with all 
wires connecting to this box.
To measure the noise transmitted by the EEG equipment, the EPI sequence above was 
used with flip angle = 0 to ensure that no RF was transmitted into the phantom. The 
mean and peak intensities over the whole image were measured using Dispimage 
(Plummer, 1992). As image noise due to electromagnetic fields may be a function of theK. Krakow: EEG-correlated fMRI  68
scanner RF frequency, this experiment was repeated in a 2 T scanner (MAGNETOM 
Vision, Siemens, Erlangen, Germany) using the same EEG recording equipment.
Results
1. Scalp-cortex distance: The mean distance between surface of the scalp and the cortex 
measured was 13.8 mm (SD 3.5). The smallest individual scalp-cortex distance, 
measured over the position T5, was 7.5 mm.
2. Local signal drop out and geometric distortions on a phantom: The pattern of signal 
drop out and geometric distortion of the phantom image caused by the tested objects 
was dependent on their spatial orientation with respect to the Bo magnetic field. The 
figures given in table 1 represent the maximal depth of the artifact caused by the 
components placed on top of the phantom and orientated parallel to the Bo vector. 
Artifacts were slightly more pronounced (<20% increase in depth) if the long axis of 
objects was at right angle to the main magnetic field. The image artifacts caused by 
carbon, plastic covered silver and gold electrodes were within acceptable range (smaller 
than the minimum scalp-cortex distance in normal controls). Ag/AgCl electrodes caused 
slightly larger artifacts (table 1).
The different types of resistor showed significant differences. Carbon resistors caused 
an artifact intruding almost 20 mm into the phantom. Two planar cermet resistors gave 
satisfactory results with artifacts less than 2 and 6 mm in depth, respectively (figure 6). 
All leads tested resulted in negligible artifacts (< 2mm).
While the tested collodion adhesive caused an artifact intruding less than 4 mm, even 
minute amounts of conductive electrode gel (0.1 ml) led to artifacts of almost 10 mm 
depth. The size of the artifact appeared to be proportional to the amount of gel.
From the materials commonly used to insulate the resistor and improve the mechanical 
strength of the electrode assembly, epoxy putty gave the largest artifact (10 mm depth).K. Krakow: EEG-correlated fMRI  69
When single components were combined to form electrode assemblies, the extent of the 
artifact was comparable to that of the worst single component.
Figure 6: Examples of image artifacts caused by current-limiting resistors as used in 
electrode assemblies. The images show the signal drop out/geometric distortion caused 
by the carbon composition resistor (a), and by the cermet film resistor (b), placed on the 
top of the phantom (diameter 10 cm).
3. Artifacts in vivo for the components with the smallest artifact as measured in the 
phantom experiments: EP-images of a volunteer with the optimised electrode 
assemblies demonstrated artifacts in superficial scalp tissue only (maximal depth < 5 
mm), while non-optimised electrode assemblies showed artifacts intruding the cortex 
(maximal depth > 15 mm) (figure 7).
4. Image noise caused bv the electromagnetic fields generated bv the EEG recording 
equipment: With the EEG equipment switched off (baseline) no image artifact wasK. Krakow: EEG-correlated fMRI  70
visible. The mean background noise was 10.5 (SD 7.3) with a maximum intensity of 
55.0. When the EEG digitiser (Patient Module) was switched on without shielding, the 
images were compromised by coherent noise. Approximately 0.3% of pixels had an 
intensity above background noise, forming a chequered design. The mean signal was 
15.2 (SD 18.6), the maximum signal, measured in the brightest pixels, was 538.0. When 
the shielding was applied to the Patient Module, no noise was detectable and the signal 
was in the range of the baseline-measurements (mean 10.1  (SD 7.2), maximum 60.0). 
Similar results were obtained at 2 tesla.
Figure 7: High resolution EPI of a subject with two EEG electrode assemblies applied 
on the scalp.  On the right side of the head (electrode positions FP2, F8,  T4,  T6, 02), 
non-optimised electrode assemblies (silver/silver chloride electrodes, carbon 
composition resistor) caused artifacts intruding into the cortex. Optimised electrode 
assemblies (gold electrodes, cermet fdm resistors) used on equivalent positions on the 
left side of the head did not compromise the cortical signal.K. Krakow: EEG-correlated fMRI  71
Discussion
All components of the electrode assemblies tested caused some signal drop out and 
geometric distortions. In some cases these exceed the minimum scalp-cortex distance as 
measured in a population of normal subjects (7.5 mm), thus potentially degrading the 
fMRI results. Large differences in the artifact depth were found between components, 
indicating the need to test carefully all objects intended to be used in electrode 
assemblies.
Most types of electrodes gave image artifacts less than 7.5 mm. Although the smallest 
artifact was found in carbon and plastic electrodes, there are practical difficulties 
associated with constructing electrode assemblies from these as they cannot be soldered 
(for example to connect the electrode to the current-limiting resistor). Gold electrodes 
were found to give the optimum combination of small artifact and ease of use.
There were large differences in artifacts for different resistor types. Many resistors use 
iron end caps (ferromagnetic) or nickel (paramagnetic) to attach the wire to the resistive 
material. These resistors were not included in this study as they would necessarily lead 
to unacceptable artifacts. It is worth noting that the carbon composition resistor tested, 
despite being composed mainly of carbon, gave unacceptably large artifacts.
Some means of insulation of the resistors and wires from the patient is required and it 
was shown that a specific heat shrink sleeving could be used without causing a 
significant artifact. However, injecting epoxy into the sleeving around the resistor leads 
(to improve the mechanical strength of the lead-to-resistor joints) gave large artifacts 
and should be avoided. On the other hand, the wires tested caused only small artifacts 
and this suggests that carbon leads do not offer a significant advantage over metallic 
wire, but have two disadvantages: poor mechanical strength and difficulty in connecting 
to other parts of the electrode assembly.
Conductive gel gave large image artifacts and as the depth of the signal drop-out andK. Krakow: EEG-correlated fMRI  72
geometric distortion was roughly proportional to the amount of gel tested, only the 
minimum amount of gel necessary to give acceptable electrode impedance should be 
used.
A phantom was used for these measurements to facilitate quantification of the image 
artifacts and a comparison between the various components of EEG electrode 
assemblies. However, it was found that the magnitude of the image artifacts in vivo 
were of similar depth to those on the phantom. Optimised electrode assemblies led to 
artifacts clearly smaller than the minimum scalp-cortex distance. It can therefore be 
concluded that EEG can be recorded inside a MR scanner without compromising the 
cortex signal by local artifacts.
With regard to electromagnetic noise radiated from the EEG equipment, significant 
coherent noise was found in the images if no shielding was used. This is presumably 
due to broadband signals generated by fast switching signals in the EEG digitising 
circuit in the frequency range detected by the receiver chain of the MRI scanner. This 
noise is likely to be dependent on the type of the EEG equipment, its location in respect 
to the headcoil, and the scanner Larmor frequency (i.e. field strength). However, it was 
found that the image noise levels measured in the 1.5 tesla and 2 tesla scanners were 
similar. By using an appropriate shielding device (aluminium box and  RF filter) the 
noise could be removed completely.
Although a representative range of MR compatible components was tested, it has to be 
emphasised that subtle changes in their manufacture process (e.g. modification of 
composition) or differences between manufacturers can cause significant changes of the 
MR-related material properties. The same applies for the EEG-recording module as a 
source of electromagnetic noise. The results of this study should therefore be seen only 
as a primary guideline for the selection of EEG recording equipment and a framework 
for an individual testing of components. The methods described and the results of thisK. Krakow: EEG-correlated fMRI  73
study should be useful to other researchers as a framework for testing of their own 
equipment and for the selection of appropriate equipment for EEG recording inside a 
MR scanner.
Summary of  MR image quality
Concurrent EEG and fMRI can be carried out without compromising the image quality 
significantly if appropriate materials are chosen and precautions to shield 
electromagnetic noise are taken.
Table 1: Ag: silver, AgCl: silverchloride, Au: gold. Dimensions of components: 
length/width/height, d: diameter. The two values in the third column represent the 
results of  the two measurements.K. Krakow: EEG-correlated fMRI  74
Table 1: Artifact measurements in phantom
Component description Material/design Artifact size 
(mm)
Electrodes
Ag/AgCl: SLE UK; 131/9/TP cast pure Ag coated in AgCl; d: 9mm 8/8
Au: Grass USA; E5GH cast pure Ag with heavy Au coating; d: 
10mm
6/4
Plastic Ag/AgCl: Meditec Italy; 
1183 AGCL
plastic coated in Ag/AgCl; 
d: 10mm
4/4
Carbon: Telefactor USA; carbon 
electrodes




Carbon composition: Vitrohm 
Germany; series BT, 104-0
carbon black, phenol resin, bakelite; 
length: 9.9mm, d: 3.5mm
19/19
Planar thick film cermet, BI 
Technology, BPCE
Ruthenium oxide on aliminia substrate; 
25.4/10.2/2.5 mm
6/4
Cermet film: Meggitt CGS; 
HB01
cermet film on ceramic substrate with 
epoxy coating; 26.5/10.5/3.0 mm
2/2
Resistor insulation
Epoxy rapid setting two part epoxy; 0.1ml 8/8
Epoxy putty 0.1ml 13/13
Heatshrink, black Irradiated polyolefin tubing; d: 9.5mm 2/2
Leads
Copper wire 1 annealed copper stranded wire, silicone 
rubber insulation; 128/0.05
2/2





Collodion Adhesive: SLE UK 0.1ml 4/4
Electrode gel: Dracard ECG Gel, 
Crown Graphic UK
0.1ml 9/9
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4.4. EEG-triggered fMRI methodology
The EEG and fMRI acquisition processes can be combined in different ways. Here the 
experimental concept of fMRI triggered by real-time review of EEG recorded in the MR 
scanner is considered. Until it became possible to remove or prevent image acquisition 
artifact in the EEG (see chapter 7.2), these two modalities had to be acquired in an 
interleaved manner. This type of acquisition is here described in detail, but also the 
potential advantages of simultaneous EEG/IMRI acquisition are considered.
EEG-triggered  fMRI acquisition
EEG-triggered fMRI is made feasible in event-related paradigms by the time lag 
associated with the Hemodynamic Response Function (HRF). Assuming that the 
response to a brief EEG event (IED) is similar to the brain’s response to other stimuli, 
then an IED can be approximated as a delta function stimulus (Lassen and Kanno,
1997), and the associated fMRI signal change is expected to peak between 
approximately 4 and 6 seconds after the spike (Aguirre et al., 1998). As an initial 
approach aimed at detecting and localising the BOLD correlates of EEG events, the 
fMRI acquisition should thus be triggered to sample this period optimally. Control 
images can also be taken, the event in this case is a period of predefined duration (10 
seconds in the studies presented here) of EEG activity without a spike. A voxel-by- 
voxel statistical test between these two sets of data will then establish areas of 
significant difference and so localise areas of change of blood oxygenation that 
correlate with the changes observed by the EEG. The optimal resolution, both temporal 
and spatial, of this data is that of fMRI, but the changes observed can be correlated with 
the EEG data, providing direct information about neuronal activity and a superior 
temporal resolution.
By acquiring fMRI at several time points following a spike, spatial coverage can beK. Krakow: EEG-correlated fMRI  76
traded for greater temporal sampling. This allows the measurement of the HRF of the 
area associated with the epileptiform activity, which provides the possibility of 
characterising the neurovascular coupling of these areas.
Experimental design considerations in EEG-triggered  fMRI 
Following the above considerations, the delay between the IED detected in the EEG 
recording and the start of the fMRI acquisition should be set carefully. If the delay is 
less than 3 or more than 5 seconds, then the EP images could sample the HRF outside 
the peak response resulting in a loss of sensitivity. EEG-triggered fMRI is limited by 
image acquisition artifacts which obscure the EEG. However, provided the EPI 
acquisition is shorter than three seconds, the lag associated with the HRF ensures that 
EEG events obscured during the image acquisition will have little effect on the 
measured response (figure 8).
Spikes and rest states do not occur on demand, so following an acquisition, it is 
necessary to allow the NMR spins to return to equilibrium, which means a typical wait 
of 15 seconds. Data collection efficiency is thus less than 10% (3/30 seconds) for EEG- 
triggered fMRI. Even with favourable EEG activity a study requiring 50 spike and 50 
control epochs can take up to two hours raising patient compliance considerations and 
giving larger variations in the fMRI data than normally occurs in functional paradigms 
with periodic stimulus. Large head motion due to subject discomfort in long sessions 
places unusual demands on the registration software used for motion-correction, and the 
bright CSF may cause large partial volume and interpolation effects when the data is 
resliced. Global changes in image intensity may increase the overall variation in spike 
and rest states and reduce the significance of differences between them, unless some 
form of de-trending is performed.K. Krakow: EEG-correlated fMRI  77
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Figure 8: A schematic of the experimental set- up of spike-triggered  fMRI experiments. 
The EEG is observed on-line.  When an IED is detected on the EEG, a fMRI acquisition 
is triggered manually with a delay of  approximately 3.5 seconds.  This delay enables the 
fMRI acquisition to cover the peak of the spike-related BOLD response.  Control images 
are acquired after periods of  at least 10 seconds of background EEG activity without 
IED. An interval of at least 15 seconds is kept between successive acquisitions to ensure 
the same T1 weighting for each acquisition.  Due to the large image acquisition artifact 
it is not possible to identify EEG events during image acquisition.  The dashed line 
represents the BOLD response of an IED occurring during  fMRI acquisition, which 
remains undetected. Image acquisitions are performed non-periodically with activation 
and control images interleaved, depending on the sequence of the EEG events.K. Krakow: EEG-correlated fMRI  78
Illustrative example
To illustrate the preceding discussion, the application of EEG-triggered fMRI to a 












Figure 9: EEG recording inside the MR scanner during a spike-triggered  fMRI 
experiment. Displayed is a bipolar montage of a temporal electrode chain according to 
the 10/20 system. A typical left temporal spike of  patient 1  (table2) with phase reversal 
over electrode position T3 occurs at 10:41:47.  This spike was observed on-line and led 
to the image acquisition at 10:41:51, which is clearly detectable by the image 
acquisition artifact. In the delay period between the spike and the image acquisition 
another spike occurs at 10:41:50.K. Krakow: EEG-correlated fMRI  79
EEG recording
EEG was recorded in the MR scanner using the following system: the electrode 
assemblies were connected to a non-ferrous headbox (developed in-house) placed at the 
entrance to the bore of the magnet. The headbox was connected to a Neurolink Patient 
Module which digitises and transmits the EEG signal out of the scanner room via a fibre 
optic cable to a Neurolink Monitor Module which reconstructs the analogue EEG 
signals. These were then recorded using a digital EEG recording system (sample rate 
200 Hz, bandwidth: 0.12-50 Hz). Twelve electrodes were applied to the scalp positions 
FP1/FP2, F7/F8, T3/T4, T5/T6, 01/02, Fz and Pz according to the 10/20 system. In 
addition, two precordial ECG channels were recorded to facilitate pulse artifact 
subtraction (75 kOhm current limiting resistors were fitted to each ECG-electrode) 
(Allen et al., 1998). EEG spikes and rest periods were detected by visual inspection, and 
fMRI acquisitions were triggered manually. The activation state was defined as a 
stereotyped IED (spike or spike wave) and the control state was defined as at least 10 
seconds without a spike. Figure 9 gives an example of an IED recorded in the EEG 
during the fMRI experiment.
fMRI acquisition and processing
Functional MRI was performed on a 1.5 tesla Horizon EchoSpeed MRI scanner using 
snapshot gradient-echo EPI (TE=40ms, 24cm field-of-view, 64x64 matrix). Twenty 
contiguous 5 mm slices were acquired in 4.5 seconds in an oblique axial orientation, 
with an average delay of 3.5 seconds between the EEG spike and the start of EPI 
acquisition, and a subsequent delay of 15 seconds to permit NMR spin equilibration. 
Forty-eight control and activation states were acquired, evenly distributed across the 
examination period.
The time-course of the fMRI response was measured in a separate study. Six imagesK. Krakow: EEG-correlated fMRI  80
(slice thickness = 7mm, flip angle 60 degrees, other parameters as before) covering the 
activated region of the first study were taken at one second intervals, starting 3 seconds 
after the spike.
Height threehold {u} = 3.09, p = 0.001000 
Extent threshold {k} =  1.111511 e+01  voxels
Figure 10: SPM activation map results showing activation in the left temporal lobe 
(this activation map is not spatially normalised, so the left side of the brain appears on 
the right side of the images).
The choice of packages for processing was partly determined by familiarity, and it is 
likely that other fMRI processing/registration packages meeting the above requirements 
would perform equally well. Figure 10 shows the SPM-activation map of the 
experiment. The SPM98 package was used to perform spatial realignment, SPM96 was 
used for statistical analysis. Spatial smoothing and temporal high-pass filtering was 
applied, and the significance threshold was set to /?<0.001. Activation was observed in 
the left temporal lobe, and this area was consistent with the source of the EEG spikes as 
indicated by previous electrocorticography. The same area was localised in the timeK. Krakow: EEG-correlated fMRI  81
course study, and figure 11 shows a graph of the number of significant pixels in that 
region activated at each time point. The response is strongly suggestive of the typical 
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Figure 11: Time course of the number of  significantly activated pixels in the left 
temporal lobe following a spike.
Summary of  the EEG-correlated  fMRI methodology
Using EEG-triggered fMRI, it is possible to identify epileptiform activity with the 
specific characterisation of EEG and the accurate localisation of fMRI. Furthermore, it 
is also possible to examine the HRF of epileptogenic areas. However, the acquisition 
efficiency of interleaved EEG/fMRI is sub-optimal as it fails to sample a significant 
proportion of the spikes during the scanning period. The advent of image acquisition 
artifact suppression on the EEG recording will enable simultaneous EEG/fMRI 
acquisition (see chapter 6.2). The resulting increase in sensitivity should allow more 
complex studies such as the comparison of different EEG events and time-course 
studies of the whole brain.K. Krakow: EEG-correlated fMRI  82
Chapter 5
EEG-triggered fMRI of interictal epileptiform activity
5.1.  EEG-triggered fMRI of interictal epileptiform activity in patients with focal 
seizures
Interictal scalp EEG remains a principal diagnostic tool in epilepsy. It provides real­
time information about physiological and pathological neural activity and can be 
recorded in any clinical setting. IED (spikes) are the most common EEG feature in 
patients with epilepsy and are the mainstay for classifying the type of epilepsy. Their 
localisation has an important role in presurgical evaluation of drug resistant patients 
(Gilliam et al., 1997). The knowledge of the underlying generators of these EEG events, 
however, is still limited. Due to their restricted spatial sampling and the limitations of 
the „inverse problem4 4 , neither EEG nor MEG (magnetoencephalography) can directly 
identify these generators with certainty (Ebersole, 1998). Conventional visual inspection 
of spikes on scalp EEG provides only limited information about the location of the 
focus. The possibility of characterising and localising the source of interictal 
epileptiform activity based on scalp EEG would therefore advance its diagnostic value. 
When combined with scalp EEG, functional imaging techniques could provide this 
information about the EEG source. However, the low temporal resolution of functional 
imaging techniques like PET and SPECT prevents an investigation of brain activation 
linked to brief IED.
During the last decade, the possibility of monitoring EEG inside an MR scanner (Ives et 
al., 1993, Huang-Hellinger et al., 1995, Lemieux et al., 1997, Allen et al., 1998) and to 
correlate the EEG with ultra-fast blood oxygen level dependent functional MRI (BOLD- 
fMRI) (Warach et al., 1996, Krakow et al., 1999b) has been described. In select patients 
with localisation-related epilepsy EEG-triggered fMRI could reproducibly identify brainK. Krakow: EEG-correlated fMRI  83
areas involved in the generation of interictal spikes (Krakow et al., 1999). Compared to 
EEG source modelling, EEG-triggered fMRI is based on a direct biological 
measurement and takes advantage of the higher spatial resolution of MRI. Conversely, 
it can only identify neural activity indirectly through BOLD signal changes: Neural 
activation results in increased local blood delivery and hence reduced local 
deoxyhemoglobin concentrations, to which the BOLD signal is sensitive (Kwong et al., 
1992). The cerebral hemodynamic response takes several seconds to develop and decay 
and therefore acts as an endogenous filter which smoothes and delays the signal. The 
specific shape of the response function is of importance to the design and analysis of 
fMRI experiments used to detect brief event-related responses (Rosen et al., 1998). 
Although there is evidence for significant variability in the shape of hemodynamic 
responses across subjects in physiological stimulation paradigms (Aguirre et al., 1998), 
there is only anecdotal information on the responses to epileptic activity in humans 
(Krakow et al., 1999c).
The purpose of the study presented here was to evaluate the capabilities of EEG- 
triggered fMRI in localising interictal EEG foci in a heterogeneous group of patients 
with refractory localisation-related epilepsy and frequent IED. The site of the fMRI 
activation was compared to the focus of previous interictal scalp EEG recordings, and, 
if available, invasive and ictal EEG recordings. All patients were studied at least twice 
on different occasions in order to investigate the reproducibility of the fMRI results. 
Furthermore, the temporal evolution (time course) of the hemodynamic response 
function to spikes was studied.
Patients
24 consecutive patients (14 male, 10 female, median age 27.5 years, range 16-63 years) 
were studied. All patients had a confirmed diagnosis of medically intractableK. Krakow: EEG-correlated fMRI  84
localisation-related epilepsy with frequent stereotyped spikes on previous routine 20- 
channel scalp EEG recordings (at least one spike per minute on average). In all patients 
repeat EEG studies revealed a consistent spiking pattern. Patients with generalised or 
multifocal spikes were excluded. All patients had structural MRI prior to the study. 
Fifteen patients had structural abnormalities, the remaining 9 patients were classified as 
having cryptogenic focal epilepsy. The most common structural abnormalities were 
malformations of cortical development (MCD) (n= 6), hippocampal sclerosis (n = 3), 
glioma (n = 2), and dysplastic neuroepithelial tumour (DNT) (n = 2). One patient had an 
anterior temporal lobe resection, and another had unilateral cerebral atrophy due to 
chronic encephalitis. All patients were receiving antiepileptic drug treatment at the time 
of the study.
Initially, all patients underwent between one to four fMRI experiments in order to 
identify possible areas of brain activation associated with their habitual spikes. In these 
experiments, the data acquisition is designed based on the assumption that the peak 
BOLD response occurs roughly 5.5 seconds following each event (spike), as has been 
observed in normal brain function (Aguirre et al., 1998). In four patients with positive 
fMRI activations, additional BOLD-signal time course experiments were performed 
mainly to assess the actual time to peak of the BOLD response and compare it with the 
assumed value.
EEG recording during  fMRI experiments
Details about patient safety (Lemieux et al., 1997), EEG- (Allen et al., 1998) and image- 
(Krakow et al., 2000a) quality aspects of EEG recording inside the MR scanner are 
given in chapter 4. In summary, 12 standard gold disk electrodes were applied to scalp 
positions according to the 10/20 system (FP1/FP2, F7/F8, T3/T4, T5/T6, 01/02, Fz and 
Pz) using collodium. These had 15 kOhm current limiting carbon resistors fittedK. Krakow: EEG-correlated fMRI  85
adjacent to each electrode (Lemieux et al., 1997). The electrodes were connected to a 
non-ferrous headbox (developed in-house) placed at the entrance to the bore of the 
magnet. The headbox was connected to a Neurolink Patient Module (Physiometrix,
MA, USA) which digitises and transmits the EEG signal out of the scanner room via a 
fibre optic cable to the Neurolink Monitor Module which reconstructs the analogue 
EEG signals. These were then recorded using a digital EEG recording system (sample 
rate 200 Hz, bandwidth: 0.12-50 Hz). In addition, two precordial ECG channels (75 
kOhm current limiting resistors were fitted to each ECG-electrode) were recorded to 
enable digital pulse artifact subtraction, which was employed in all experiments to 
improve EEG quality (Allen et al., 1998). EEG data was digitally remontaged and 
displayed to show bitemporal chains.
EEG-triggered  fMRI
fMRI was performed on a 1.5 tesla Horizon EchoSpeed MR scanner (General Electric, 
Milwaukee, USA) using snapshot gradient-echo echo-planer imaging (EPI) (TE = 40 
ms, 240 mm field of view, 64x64 matrix). The EEG was observed on-line (with a 1- 
second display delay due to the pulse artifact subtraction software) and 20 contiguous 5 
mm slices were acquired in 4.5 seconds in an oblique axial orientation. Image 
acquisition was manually triggered with a delay of approximately 3.5 seconds after an 
IED was observed (“trigger spike”) on EEG ("activation state"), or after at least 10 
seconds of background activity without spikes ("control state"). The delay of 
approximately 3.5 seconds between the observation of the IED and the image 
acquisition was applied because the peak blood oxygenation level change detected by 
fMRI occurs approximately 4 to 7 seconds after the onset of the brain activity (Hennig 
et al., 1995, Rosen et al., 1998).
Images were acquired randomly and non-periodically with activation and control statesK. Krakow: EEG-correlated fMRI  86
evenly distributed throughout the experiment. A minimum delay of 15 seconds between 
the image acquisitions was implemented to permit NMR spin equilibration (identical 
T1 -weighting for each acquisition).
Due to scanner hardware limitations a maximum of 98 acquisitions could be obtained 
per experiment. Acquisitions started earlier than 3 or later then 4 seconds after a spike 
and acquisitions that followed equivocal activation or control states were excluded from 
the statistical analysis (<7% of acquisitions in all studies). The typical total scanning 
time was 60 to 90 minutes, depending the frequency of EEG events.
Images were processed and analysed using Statistical Parametric Mapping (SPM96) 
(Friston et al., 1995a). The data was processed in the same fashion as data acquired 
using the conventional block-design fMRI approach, with the assumption that all voxels 
in a given image were acquired simultaneously, except for the fact that the sequence of 
activation and control images was random. All volumes were realigned (rotation and 
translation) to the first volume for motion correction. A mean image was created using 
realigned volumes. All images were spatially normalised (Talairach and Toumoux, 
1988, Friston et al., 1995b) to an echo-planar image template in the same stereotactic 
space as the Montreal Neurological Institute template (Evans et al., 1993). The images 
were smoothed using a Gaussian kernel of 6 mm full-width half maximum. The aims of 
this processing step are to condition the data to conform more to a Gaussian Random 
Field (on which theory SPM cluster statistics is predicated), increase the signal-to-noise 
ratio and minimise the effect of inter-subject anatomical differences. An adaptive high- 
pass filter was added to the confound partition of the design matrix to account for low- 
frequency drifts, and the global means were normalised by proportional scaling. Voxel 
time-series were temporally smoothed with a Gaussian filter. Specific effects were 
tested with appropriate contrasts of the parameter estimates for each condition 
(activation vs. control state), resulting in a t-statistic for each voxel. These t-statisticsK. Krakow: EEG-correlated fMRI  87
were transformed to standardised z-scores and constitute a statistical parametric map 
(SPM{Z}). The results were displayed using a height threshold of p = 0.001 and an 
extent threshold of p = 0.05. The resulting SPM{Z} was saved as an image volume for 
comparison with other findings. The amplitude of each trigger spike (in the channel 
where it was highest) and the delay between spike and the onset of acquisition 
(indicated by the image acquisition artifacts on EEG) were measured retrospectively on 
the EEG recorded inside the scanner.
EEG-triggered  fMRI time-course
Additional experiments to study the time course of the hemodynamic response after 
interictal spikes were performed in four patients (patients 3, 4, 10, 17, see table 2). The 
EEG recording system described above was used to identify spikes and control states 
on-line. MR imaging was performed on a 2 tesla Siemens Vision (Siemens, Erlangen, 
Germany). A burst of nine EPI acquisitions with 20 axial 2 mm slices was acquired 
starting 1.5 seconds after either a spike or during a control period (TE = 40 ms, 192 mm 
field of view, 64x64 matrix). The volume acquisition time was 2.0 seconds, and each
burst covered nine time points (ti; i =1,2  ,9) over a period of 18 seconds. A minimum
gap of 15 seconds was employed between bursts. Imaging data was processed using 
SPM99b as described above for spatial realignment, normalisation and smoothing. 
Statistical parametric maps corresponding to contrasts between homologous time points 
in the spike and control conditions (tl,s vs tl,c, t2,s vs t2,c, ..., t9,s vs t9,c) were 
derived. The amplitude of the BOLD signal change at the voxel with the maximum Z- 
score was then plotted as a function of time.K. Krakow: EEG-correlated fMRI  88
Assessment of localisation concordance
The localisation of the EEG spike focus (as assessed on standard referential and bipolar 
scalp EEG recorded outside the scanner), MRI lesion (if present) and fMRI activation, 
was assessed on a lobar basis. The localisations were categorised into either frontal, 
temporal, parietal, or occipital, also left, right or bilateral. These categories were used to 
determine concordance between EEG focus, MRI lesion, and fMRI activation for each 
patient. Concordance was defined as being localised to the same lobe, and non­
concordance as being located on different lobes. If the EEG and MRI findings involved 
more than one lobe, the main lobe affected was considered.
Results
EEG and MRI  findings
15 patients had a unilateral temporal spike focus on scalp EEG, 3 patients a frontal 
focus (two unilateral, one bilateral), 3 patients a unilateral parietal focus, and 3 patients 
a bilateral occipital focus. In all patients with structural lesions (n=15), the lesions were 
concordant with the EEG foci, i.e. located in the same lobe.
EEG-triggered  fMRI
In all 44 fMRI experiments the EEG data was sufficient to detect activation and control 
states reliably throughout the study and to trigger fMRI acquisitions after these events. 
A typical example of an IED used to trigger an fMRI acquisition is given in figure 12, 
with and without applied pulse artifact subtraction (patient 2 of table 2). The fMRI data 
was not compromised by the concurrent EEG recording. In some patients, the scalp 
EEG electrodes caused small signal drop outs in the echo-planar images, affecting the 
scalp and skull signal. However, these artifacts did not intrude into the cortex.K. Krakow: EEG-correlated fMRI  89
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Figure 12: EEG recording inside the MR scanner (patient 2 of table2). The same EEG 
sequence with a low amplitude spike over the right hemisphere without (above) and 
with pulse artifact subtraction (below). The spike (indicated by an arrow) is clearly 
detectable only with applied pulse artifact subtraction. 3.5 seconds after the spike 
occurs the image acquisition artifact of  a 20 slice EPI acquisition.
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No clinical or electroencephalographic manifestations of ictal events occurred during 
the scanning procedure in any experiment. None of the patients reported discomfort due 
to the EEG recording. Between 12 to 50 fMRI trigger spikes were identified during 
scanning sessions that lasted between 35 and 95 minutes. The image acquisitions 
triggered after spikes and included in the statistical analysis were acquired 3.5 seconds 
(± 400ms) after the onset of the spike. The mean fMRI trigger spike amplitude was 
116.8 pV (SD 43.9).
Of the 24 patients studied, 14 patients (58.3%) had a focal fMRI activation. In 12 
patients (50.0%), the fMRI activation was concordant with the EEG focus and, where 
present, with the structural lesion. In all 7 fMRI positive patients with structural lesions 
(including MCD, post-operative glioma, and hippocampal sclerosis) the fMRI activation 
was within or overlapping the lesion. The mean cluster size of the activation was 720 
voxels (SD 1631.0), the maximum Z-score being 4.9 (SD 1.2). There was a tendency for 
patients with a high mean spike amplitude to have larger and stronger fMRI activations. 
However, this tendency did not reach significance (r = 0.51; p = 0.09; Spearman rank 
correlation). The clinical details of the 12 patients with a concordant fMRI activation 
are summarised in table 2. Figure 73 is an example of an SPM activation map. The 
activation of this patient is concordant with a right central spike focus on scalp EEG and 
the structural lesion, a large nodular heterotopia of the right central region. The fMRI 
activation is located within the central cleft of the heterotopia.
In two patients with an fMRI activation (8.3%), the activation was not concordant with 
the EEG focus. The first patient with left temporal spikes and confirmed left 
hippocampal sclerosis had a right temporal neocortical fMRI activation. The second 
patient with a left temporal EEG focus had two contradictory fMRI results: The first 
revealing a left temporal activation, which was replaced by a right parietal activation inK. Krakow: EEG-correlated fMRI  91
the second study. In all remaining fMRI positive patients with positive fMRI results in 
repeated experiments (n=8), the results were consistent.
transverse
Height threshold {u} = 3.09, p = 0.001000 
Extent threshold {k} = 7.834939e+01  voxels
Figure 13: fMRI result for patient 2 (table 2).  The SPM BOLD-activation map shows an 
axial image with crosshair through the centre of  the activation (overlaid in yellow), in 
the centre of the nodular heterotopia of the right hemisphere, adjacent to a cleft in the 
lateral part of the heterotopia.  The image orientation follows the SPM convention for 
normalised images, in which the patient’s right appears on the right.
Ten of the 24 patients (41.7%) did not show a significant fMRI activation in any 
experiment. All  16 experiments with these patients failed to reveal a focal cortical 
activation even with a lowered significance threshold (from p = 0.001  to p = 0.01). 
Patients with positive fMRI activations had significantly higher spike amplitudes (136.0 
pV (SD 43.0)) compared to those without (99.9 pV (SD 39.8)); (p = 0.03). There were 
no significant differences between the two groups for age, number of sampled spikesK. Krakow: EEG-correlated fMRI  92
per experiment, or delay from spike to start of acquisition. In both groups different 
underlying pathologies and patients with cryptogenic epilepsy were equally represented. 
However, three patients with MCDs or DNTs limited to a single temporal lobe gyrus 
had no fMRI activation, while all patients with larger or widespread MCDs had a 
positive result.
Height threshold {u} = 3.09, p = 0.001000 
Extent threshold {k} = 6.267968e+00 voxels
Figure 14: FMRI result for patient 3 (table 2).  The SPM BOLD-activation map shows 
an spike-associated activation of the left mesial temporal lobe (overlaid in yellow, not 
normalised).K. Krakow: EEG-correlated fMRI  93
Table 2. Summary of clinical data and  fMRI results in the 12 patients with concordant 
fMRI and EEG results.
Patient
no.
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EEG-triggered  fMRI BOLD time-course
In one of the four patients (patient 3, see table 2), fMRI image analysis failed due to 
gross movement artifact. In the remaining patients, a fMRI activation concordant with 
the initial experiment was identified and the maximally activated voxel was plotted 
against time. There was an initial percentage increase in the BOLD signal to a peak of 
4.0 to 4.3 %, which was followed by signal decay. In two patients, the peak signal 
occurred between 1.5 and 5.5 seconds after the spike, and in one case the peak took 
place 5.5 to 7.5 seconds post spike. 10 seconds post spike a steady state was reached 
with no further signal change. There was no evidence for an undershoot after the initial 
signal increase.
Discussion
EEG-triggered EPI BOLD fMRI was found to be a practicable and robust method in the 
evaluation of epilepsy patients with frequent focal IED. In all experiments, a good 
quality EEG was obtained, spontaneous IED were detected on-line and EPI BOLD 
acquisitions were triggered after these events. The MR image quality was not 
significantly compromised by the EEG recording equipment.
Using EEG-triggered fMRI it was demonstrated that it is possible to identify brain areas 
involved in the generation of focal spikes in patients with localisation-related epilepsy. 
In a group of 24 consecutive patients with frequent interictal spikes, 58% of patients had 
a focal fMRI activation, usually concordant with the interictal scalp EEG spike focus. 
Additional electrocorticography was performed in one patient (no. 1) and confirmed the 
co-localisation between interictal epileptiform activity and fMRI activation. In all 
patients with fMRI activation and previous lateralising ictal EEG recordings (patients 1, 
3, 4; table 2\ the findings were concordant. MRI was useful in identifying the spike 
focus in patients both with underlying structural lesions and cryptogenic epilepsy. ItK. Krakow: EEG-correlated fMRI  95
provided an opportunity to study the relationship between different structural 
abnormalities and the generation of epileptic activity. In all patients with structural 
lesions showing a fMRI activation, the activation was within or overlapping the lesion. 
Four of these patients had MCD. This adds to the evidence for grey matter having 
intrinsic epileptogenic properties within MCD (Palmini et al., 1995, Hannan et al.,
1999). Studies with larger groups of patients are warranted to determine the spatial 
relation between different underlying pathologies and the generators of epileptic 
activity. This would be of particular interest in patients with vascular malformations and 
brain tumours, which were not present in our study. The epileptogenicity of these 
structural abnormalities is not well understood but thought to be due to effects on the 
adjacent cortex rather than being an intrinsic property (Awad et al., 1991, Haglaud et 
al., 1992, Pilcher et al., 1993). One patient (no. 4) with a low-grade glioma and an 
associated fMRI activation was studied only after surgery and radiotherapy and so 
failed to help with the above objective.
One patient with confirmed unilateral hippocampus sclerosis showed an fMRI 
activation of the mesial temporal lobe {figure 14). The activation of deep temporal 
structures is remarkable as it is correlated with epileptiform discharges recorded with 
scalp EEG. This requires propagation of the epileptiform activity to a larger superficial 
cortical area. An activation solely in deep structures might suggest that fMRI more 
readily identified the site of primary spike generation. The possibility that the site of the 
primary generator of epileptic activity could be associated with different metabolic and 
hemodynamic changes compared to brain areas involved in the propagation of this 
activity requires further studies given its potential clinical relevance.
The large inter-individual variability in the extent (i.e. the number of significantly 
activated voxels, see table 2) of the fMRI activations rendered a description of a 
quantitative relationship with structural abnormality difficult. Although a consistentK. Krakow: EEG-correlated fMRI  96
threshold was used in order to allow for inter-subject comparison and to study the 
effects of spike amplitude on activation, in some patients only a circumscribed cortical 
area was activated (< 50 voxels in patients 2, 3,  15;figure 15), whilst in others the 
activation covered more than one cerebral lobe (e.g. both occipital lobes in patient 16).
transverse
Height threshold {u} = 3.09, p = 0.001000 
Extent threshold {k> = 5.655487e+01  voxels
Figure 15: fMRI result for patient 17 (table 2).  The SPM BOLD-activation map shows 
an spike-associated activation of the of the right posterior temporal lobe and the right 
parietal lobe (normalised image, the right side of the brain appears on the right).  The 
activated area shows co-localisation with a malformation of cortical development in 
this area.
The reason for this variability remains unclear. No significant correlation was found 
between EEG spike amplitude or frequency and the activation cluster size. There are 
two likely explanations for this lack of correlation. Firstly, amplitudes of scalp EEG 
potentials do not necessarily reflect the extent of cortex involved in generating the 
events. For example, a small superficial source might generate a higher amplitude spikeK. Krakow: EEG-correlated fMRI  97
than a larger deep focus. Secondly, only 12 EEG channels were recorded inside the MR 
scanner. The limited number of channels provide only restricted information for 
quantification of spike related electric fields.
Although the 10 patients with a negative fMRI result had significantly lower mean spike 
amplitudes, it was not possible to reliably predict a significant fMRI activation based on 
the EEG data. The physiological explanation of a negative fMRI result is most likely 
that a non-significant difference in the blood oxygenation exists between activation and 
control states. This might be due to there being only a modest cerebral hyperperfusion 
following a spike, or due to an absence of a true control state, e.g. such as ongoing 
epileptic activity not detected on scalp EEG. In both cases the relative signal change 
within the spike generator may not achieve significance.
The high percentage of negative results hinders the potential wider clinical application 
of EEG-correlated fMRI. To increase the clinical usefulness of this tool, further 
technical developments are necessary. Firstly, the use of higher strength magnets will 
increase further the signal to noise ratio and hence fMRI sensitivity. Multi-channel EEG 
has already been recorded in a 4 tesla MR scanner on humans (Ives et al., 1997) and in a 
7 tesla MR scanner in animals (Sijbers et al., 1999). An improved signal to noise ratio 
may not only increase the proportion of fMRI-positive experiments, but may also 
reduce the number of sampled spikes necessary for a significant fMRI activation, thus 
rendering this method applicable to patients with less frequent interictal spikes. 
Secondly, the data acquisition for EEG-correlated fMRI could be improved. As 
epileptiform spikes occur unpredictably, the fMRI acquisition sequences are run at 
variable intervals, thus introducing varying longitudinal T1-relaxation effects (Josephs 
et al., 1997). As spike-triggered fMRI relies on the reproducibility of the T1 effect, a 
temporal gap between acquisitions has to be introduced to allow full longitudinal 
relaxation (15 seconds in our experiments). In contrast, continuous image acquisitionK. Krakow: EEG-correlated fMRI  98
with a fixed repeat time (TR) would allow more data to be collected in a shorter time as 
well as allowing more sophisticated modelling of the hemodynamic response. 
Continuous image acquisition has been limited by artifacts, which completely obscure 
the EEG once acquisition has commenced. Using recently proposed methods to remove 
the image acquisition artifact from the EEG (Sijbers et al., 1999, Allen et al., 2000), 
continuous acquisition is likely to improve the data-collection efficacy and sensitivity of 
this method (see also chapter 7.2). This will be of particular importance in BOLD signal 
time course studies. In the time course experiments performed in this study, the EEG 
was blinded to further events during the image acquisition time, for a period of 18 
seconds following each spike. This method therefore depends on the assumption of an 
equal probability of spikes during all acquisitions. Despite this limitation, a clear 
temporal pattern for the BOLD hemodynamic response was established with a peak 
between 1.5 to 7.5 seconds post spike. A more precise description of the time-course 
was prevented by the restricted temporal resolution (2 seconds) of the scanning 
protocol. However, the temporal characteristics of this pathological (spike related) 
BOLD response resembled that of physiological brain activation. The time-to-peak of 
the BOLD response after stimulation of primary sensory or motor cortex is reported to 
be approximately five seconds with a significant inter-individual variability ranging 
from under three to over six seconds. For event-related fMRI designs, accurate 
estimation of the hemodynamic response function is crucial, as failure to accurately 
specify its shape results in loss of sensitivity. Given the inter-individual variability 
apparent in the data, and the proportion of subjects in which an activation was obtained, 
the use of subject-specific hemodynamic response functions could be important in 
optimising fMRI data analysis.
In contrast to EEG-derived localisation methods, EEG-triggered fMRI uses a direct 
biological measurement as opposed to relying on mathematical modelling techniques.K. Krakow: EEG-correlated fMRI  99
At present no explicit biological model exists for the spatio-temporal relationship 
between the generators of IED and the BOLD response. During the past decade, several 
techniques for scalp EEG source localisation have been proposed and applied to clinical 
and experimental data (Ebersole, 1998, Ebersole and Wade, 1991, Nakasato et al., 1994, 
Roth et al., 1994, Krings et al., 1998). Previously, intracranial EEG recordings have 
been used to assess the localisation accuracy of EEG source models (Nakasato et al., 
1994, Roth et al., 1994). EEG-correlated fMRI could be used as a non-invasive 
alternative for validating EEG source models. Further investigations, using co­
registration of functional and anatomical MR images may provide quantitative measures 
of the spatial relationship between the localisation obtained by fMRI and EEG source 
analysis. In some cases with equivocal information on localisation, a combination of 
EEG-correlated fMRI and EEG source analysis may provide complementary 
information. In patients with widespread fMRI activation for example, the EEG data 
can provide additional temporal information thereby helping to distinguish primary 
sources from areas of propagation (Seeck et al., 1998).
In conclusion, EEG-correlated fMRI can directly identify the generators of interictal 
epileptiform activity with high spatial resolution in select patients with frequent spikes. 
This is currently not possible with any other non-invasive means. Improvements in 
fMRI sensitivity, and further validation of the results are necessary before it can be 
routinely applied effectively to the presurgical evaluation of patients with epilepsy, but 
it may become a useful tool -  including the possibility of generating additional 
hypotheses prior to test in patients requiring intracranial studies due to its high spatial 
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5.2. Functional MRI activation of individual interictal epileptiform discharges
In event-related fMRI events are usually averaged to improve the signal-to-noise ratio 
of the data. In all studies using EEG-triggered fMRI in patients with epilepsy reported 
up to now, between 17 and 49 spikes were averaged in experiments showing positive 
results (Warach et al., 1996, Seeck et al., 1998, Krakow et al., 2001). These figures 
represent the maximum number of spikes which could be recorded in individual patients 
during a tolerable scanning time. The number of spikes actually necessary to produce a 
significant fMRI activation has not yet been systematically investigated.
Single event-related fMRI of cognitive tasks were previously reported (Richter et al., 
1997), but studies of individual spikes would be of particular interest as they allow the 
direct linkage of an individual electromagnetic EEG event with the associated 
hemodynamic-based fMRI activation. In this section a study is described which 
investigated whether individual spikes are associated with BOLD signal changes 
detectable with fMRI performed on a clinical 1.5 tesla MRI scanner.
Patient
The patient was a 47-year-old female with a seven-year history of epilepsy due to 
chronic encephalitis of the left hemisphere (patient 1  of table 2). She had simple partial 
seizures with motor symptoms mainly of the right side of her face and secondarily 
generalised tonic-clonic seizures. Neurological findings included mild right-sided facial 
weakness with intermittent myoclonic jerks and expressive dysphasia. Scalp EEG 
showed a widespread left hemisphere abnormality with a background rhythm dominated 
by theta activity and frequent spike and slow wave discharges over the left temporal 
region, maximum at electrode positions F7, T3 and T5 with equipotential voltages. 
Previous electrocorticography (ECoG) revealed epileptiform spikes distributed over theK. Krakow: EEG-correlated fMRI  101
pars opercularis of the superior temporal gyrus and the adjacent perisylvian regions. The 
structural MRI was normal.
EEG-triggered  fMRI
The experimental set-up of the EEG/fMRI experiment is described in section 5.1. 
Images were processed and analysed using Statistical Parametric Mapping (SPM99b) 
(Friston et al., 1995). All volumes were realigned and all images were smoothed (full- 
width half maximum 6 mm). The two conditions were compared with a t-statistic 
(which was transformed to standardised z-scores) on a voxel-by-voxel basis. The data 
was analysed twice: firstly, all active states were compared to all control states; and 
secondly, each active state was compared individually to all control states. The results 
were displayed with the significance threshold set to p < 0.001 and the extent threshold 
to p < 0.5. The results of the second analysis were classified into two categories: (1) 
maximum activation within or adjacent to the activated area of analysis one; and (2) 
maximum activation outside activated area of analysis one, or no focal activation. The 
cluster size and the Z-score of the maximum activation were identified. In the EEG 
data, the channel with the maximum spike-amplitude was identified and the amplitude 
and duration of spikes were measured. The spatial extent of the spikes (number of EEG 
channels in which the spike was identified) and the delay between each spike and the 
start of the image acquisition (indicated by an EEG artifact, see figure 2 and figure 9) 
was also measured. Mean values of the measured parameters were calculated and a t- 
test was performed to compare spikes associated and not associated with fMRI 
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Results
The EEG quality inside the MRI scanner was sufficient to detect active and control 
states reliably throughout the study. The mean spike amplitude, occurring consistently 
at electrodes F7 or T3, was 159 pV (SD 41). 43 active and 46 control states were 
sampled during a scanning session of 55 minutes and included in the statistical analysis. 
The activation map derived from averaged active and control states is shown in figure 
16. The activation covered a large area including the superior left temporal lobe and 
adjacent perisylvian regions. The Z-score of this activation was 7.1, and the cluster size 
was 2765 voxels. The activation was concordant with the spiking cortex identified with 
previous ECoG.
Height threshold {u} = 3.09, p = 0.001000 
Extent threshold {k} = 7.214682e+01  voxels
R
Figure 16: SPM activation map of 43 averaged spikes showing an extended activation 
of  the left superior temporal lobe and adjacent perisylvian areas (patient 1, table  2).
Individual analysis of the 43 spikes revealed that 15 (34.9%) of spikes were associated 
with a significant fMRI activation showing co-localisation with the result of the 
averaged data (figure 17). The mean cluster size was 46.9 voxels (SD 38.7) and theK. Krakow: EEG-correlated fMRI  103
mean Z-score was 4.0 (SD 0.45). The remaining 28 spikes were associated with 
scattered activation without a focal cortical maximum (n = 16, 37.2%), or showed no 
activation above the significance threshold (n = 12, 27.9%). Spikes associated with 
fMRI activation had a tendency towards higher amplitude (mean amplitude 170.8 pV; 
SD 55.3) compared to spikes without activation (153.8 pV; SD 45.0), but the difference 
was not significant ( p = 0.09). There was no significant difference in the duration of the 
spikes, the number of EEG channels showing the spike, and the delay between spike 
and image acquisition between the spikes with and without fMRI activation.





Height threshold {u} = 3.09, p = 0.001000 
Extent threshold {k}= 7.254819e+01  voxel3
Figure 17: SPM activation map based on an individual spike. The area of  the maximum 
activation overlaps the activation of the averaged spikes. Most of the activation maps of 
individual spikes show additional smaller activations, in this example in the right 
frontal cortex. These activations had variable locations between the different spikes.K. Krakow: EEG-correlated fMRI  104
Discussion
In this study it could be shown that single spikes as brief as 100 ms can be associated 
with focal changes of cerebral hemodynamics detectable with BOLD fMRI. fMRI of 
single events provides information complementary to averaged data. Averaging across 
trials allows for central tendencies in the hemodynamic response to be observed, 
whereas examination of individual hemodynamic responses provides information about 
the unique aspects of an isolated event. In spike-triggered fMRI the latter is of particular 
interest for several reasons. It allows study of the relation between the morphology of 
individual EEG events and the hemodynamic response provided by fMRI. Thus, the 
question whether characteristics like amplitude or waveform of individual spikes 
influence the fMRI activation can be addressed. In this study there was no significant 
correlation between spike amplitude and fMRI response. This might be due to the 
limitation of recording only 12 EEG channels, as a small number of channels provides 
only restricted information for the quantification of electrical fields resulting from spike 
activity.
A comparison between characteristics of EEG events and fMRI activation is also 
complicated by the high level of noise in non-sampled fMRI activation maps. In these 
images it is therefore difficult to distinguish between the variation of the spike-related 
activation and the effect of random noise.
Although it was shown that fMRI activations of individual spikes could be identified in 
this patient, it has to be emphasised that in previous studies using spike-triggered fMRI 
some patients did not show fMRI activations despite averaging as many as 50 spikes 
(Krakow et al., 2001c). Hence, fMRI of single spikes seems to be only possible in 
selected patients without further improvements of the image signal-to-noise ratio, e.g. 
by using a higher field strength MR scanner. The reason for the variability of fMRI 
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remains unclear. Further prospective studies are necessary to reveal the relation of IED 
and fMRI activation and to predict which forms of epileptic activity are likely to be 
associated with fMRI activation.
In conclusion, EEG-triggered fMRI can localise neuronal activity associated with 
individual IED in selected patients with epilepsy.K. Krakow: EEG-correlated fMRI  106
Chapter 6
EEG-triggered fMRI in epilepsy and its combination with other 
methods
6.1.  Co-registration of fMRI and EEG source analysis
During the past decade, several techniques for scalp EEG source localisation have been 
proposed and applied to clinical and experimental data (Ebersole, 1998). Through such 
models, an inverse solution can be calculated using the shape and magnitude of the 
scalp-recorded voltage fields, the three-dimensional location of the electrode arrays, and 
the conductivities of the brain, skull and scalp compartments. As is well known, there is 
no unique solution to the electromagnetic inverse problem: different source distributions 
can be found that result in the same field distribution. This fundamental difficulty can 
be addressed by imposing suitable constraints on the solution. For example, 
physiological and anatomical considerations have lead to the single (or multiple) point 
dipole model of generators of IED. In such circumstances, a unique solution can be 
found (Cohen et al., 1990). One of the main factors presently limiting the value of EEG 
source modelling is the question of the validity of such assumptions.
In contrast to EEG source modelling, BOLD EEG-correlated fMRI consists of a 3D 
measurement matrix with a spatial resolution of the order a few millimetres. However, 
the spatio-temporal relationship between the underlying neural activity and the resulting 
vascular changes remains to be elucidated (Kwong et al., 1992). Recent experiments 
with normal brain function in animal models have shown partial concordance between 
invasive electrophysiological measurements and fMRI activation maps (Disbrow et al.,
2000). In epilepsy, a number of studies have already compared EEG source modelling 
with other functional and structural imaging results, as well as clinical data and some 
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(Ebersole and Wade, 1991, Nakasato et al., 1994, Roth et al., 1997, Krings et al., 1998). 
However, the comparison of different generator models is still needed to establish a 
standard for wider clinical application. The comparison of scalp and invasive 
electrophysiological data acquired simultaneously has been extremely valuable in 
assessing the potential practical limitations of source localisation based on dipole 
modelling of scalp EEG, particularly for deep temporal sources (Alarcon et al., 1994, 
Merlet et al., 1998, Merlet and Gotman, 1999).
The combination of EEG and fMRI data has already been proposed as a way of 
improving the temporal resolution of fMRI (Liu et al., 1998, Seeck et al., 1998). For 
example, in patients with widespread fMRI activation, the EEG data may provide 
additional temporal information thereby helping to distinguish primary sources from 
areas of propagation.
The purpose of the study presented here was to take a step back from this idea and 
compare quantitatively spike-triggered fMRI results with EEG source modelling 
solutions obtained independently in a group of patients with frequent, stereotyped, focal 
IED and in whom spike-triggered fMRI revealed a BOLD activation consistent with 
clinical findings (Krakow et al., 1999b). Moving point dipoles modelling and spatio- 
temporal source modelling were used, chosen mainly for their relative simplicity and 
potential applicability to a wide range of data, reflecting the range of etiologies in the 
patient group. Patient-specific conduction models were derived from structural images. 
Automatic methods for the registration of the structural and functional images were 
used for visualisation of the combined data and distance measurements (Lemieux et al., 
2001b).K. Krakow: EEG-correlated fMRI  108
Patients
Six patients (3 males, median age: 26 years, range: 22-48 years) were studied. These 
patients represented a subgroup of the patients described in section 5.1. Clinical 
summaries and EEG/fMRI findings are shown in table 2. Patients 1,2,3, 10, 15, and 
17 of the table were included in this study. All patients were subjected to an additional 
anatomical volumetric MRI scan, with the following parameters devised to obtain high- 
resolution and full coverage of the head: Tl-weighted, fast, inversion recovery-prepared 
SPGR (TI/TR/TE: 450/17.4/4.2 ms, flip angle: 20°), 24x18 cm (or 28x21 cm) FOV, 
256x192 matrix, 124 1.5 mm (or 1.8 mm) thick slices.
EEG-triggered  fMRI
The intra-MR EEG-recording was performed as described in section 5.1., fMRI was 
carried out on a 1.5 tesla Horizon EchoSpeed MR scanner (General Electric, 
Milwaukee, USA) using snapshot gradient-echo echo-planer imaging (EPI) (TE = 40 
ms, 240 mm field of view, 64x64 matrix, phase encode direction: A/P) as described in 
the same section.
EEG source analysis
64-channel EEG (sample rate: 200 Hz) was recorded in a routine setting (outside the 
scanner) using the Neuroscan QuickCap (Neuroscan, Sterling, Virginia, USA). EEG 
channels of poor quality were discarded (maximum: 5 per study); in some cases a notch 
filter was applied to remove interference. For each subject, between five and 20 epochs 
containing typical spikes were extracted from the recordings. Typical spikes were 
defined as stereotyped events similar to the events used to trigger the activation images 
in the EEG-fMRI experiment. Using the CURRY software (version 3.0, Neuroscan 
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using template matching based on the choice a representative segment, and cross­
correlation and amplitude thresholds. Detected events were checked visually prior to 
averaging.
Source analysis was performed for the averaged spikes using CURRY and using a 
common average reference. A realistically-shaped boundary-element conduction model 
(BEM) was derived from the volumetric scan by automatic segmentation (Wagner et al., 
1995; Fuchs et al., 1999). EEG electrode positions in relation to the scan and BEM were 
calculated based on the 10-20 system and four anatomical point landmarks identified on 
the skin as visualised on 3D rendering of the volumetric scan: nasion, inion and the two 
preauricular points (Wagner et al., 1996).
A signal-to-noise ratio normalisation was performed, followed by a principal 
components analysis to obtain the dominant spatio-temporal field patterns allowing us 
to determine the probable number of generators needed to model the data (Fuchs et al., 
1999). This was the number of components with a loading value, expressed in terms of 
SNR, greater than unity. Two different generator models were then used for source 
localisation: (1) multiple unconstrained moving dipoles model (MDM); (2) spatio- 
temporal source modelling (STSM) with three fixed point dipoles, following (Merlet 
and Gotman, 1999). The number of moving dipoles used was set initially to the PCA- 
derived value, and reduced to the smallest number for which the explained variance 
(EV) was greater than 90% when possible. Sources were derived for the negative (ti) 
and positive (t2) peaks of the averaged spikes. These were identified as the two peak 
values in the mean global field power, which is the mean square amplitude over all 
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Assessment of  agreement between dipole and BOLD localisation 
The comparison of the 64-channel EEG source analysis solutions and BOLD 
activation(s) was performed as follows: the mean EPI fMRI volume obtained after 
realignment and spatial normalisation was co-registered with the subject’s T1 volume 
using the coregistration module in SPM99, which consists of a 9-parameter (3 
translation, 3 rotation, 3 scaling), rigid-body registration (Ashbumer and Friston, 1997; 
Ashbumer et al., 1997). In one case, this process failed to give a satisfactory solution 
(the edges of the brain were mis-registered by approximately 1  cm) and another, semi­
automated, procedure was  used successfully (Lemieux, 2000). The resulting 
transformation was then applied to the SPM(Z) volume. The resulting realigned BOLD 
map was then merged (this is purely a display operation) with the T1 volume using 
CURRY’s image fusion tool. Following this, the BOLD, EEG and structural data were 
in the same space and distance measurements could be made. The distance between the 
structural abnormality(ies) (in patients 1, 2, 3, 15, and 17), BOLD and dipole(s) could 
then be measured by selecting a dipole from the list of active dipoles and mouse- 
clicking at the desired location in the fused BOLD-T1 image, giving the Cartesian 
distance between the dipole (centre of displayed arrow) and selected location in cm. The 
distance between the dipole with the largest amplitude and the centre of the nearest 
BOLD activation was used as the measure of agreement, d. In cases of multiple 
activations, the distance between each activation and the nearest dipole was measured 
and the results averaged. In one case (patient 1) the BOLD activation was large and a 
local maximum was used.
Results
For patients 1, 2, 3, 15, and 17, which all have an abnormality visible on structural (Tl- 
weighted) MRI, the BOLD activation is entirely contained within the abnormality,K. Krakow: EEG-correlated fMRI  111
except for the two following cases: Patient 1, where the BOLD and abnormality overlap 
by approximately 80%, and there was slight, but noticeable mis-registration, resulting in 
the margin of the BOLD activation outside the brain (see figure 18); and patient 15, 
where the smallest edge-to-edge distance is 1A cm and the abnormality centre to BOLD 
peak distance is 1.7 cm.
Patient 10  Patient  15
Patient  1 Patient 3
Patient 2 Patient 3
Figure 18: Illustration of the results of multiple unconstrained moving dipoles model 
(MDM) at t2 and registered BOLD localisations superimposed on T1 -weighted 
anatomical scans for all patients. The dipoles are shown in light blue and the BOLD 
activations using the hot metal colour scheme. The cross-hair indicates the peak of the 
BOLD activation or one of the BOLD activations. Patients 1, 2, 3, and 15 each have a 
single activation. In patient 1, the cross-hair indicates the point chosen for the 
measurement, at a local BOLD maximum. Patient 10 has three activations, in the rightK. Krakow: EEG-correlated fMRI  112
and left occipital regions. Patient 5 has one activation in the right temporal and one in 
the right parietal region.
The number of moving dipoles used varies between 1  and 3. In all cases, the MDM 
explains at least the same amount of variance as the STSM. For ti EV is greater than 
90% in 5/6 cases for MDM and in 3/6 cases for STSM; for t2, EV is greater than 90% in 
all cases for MDM and 5/6 cases for STSM.
The results of the comparison between the MDM and BOLD findings are summarised 
in table 3 and illustrated in figure 18. In all cases, at least one of the moving dipoles is 
located in the same lobe as the BOLD activation. In the case of patient 10, where two 
activations are located in different lobes, there is a dipole located in the same lobe as 
each activation. In the case of patient 1, it is important to note that the BOLD activation 
is the largest found in the study and that the EEG field is relatively complex, see figures 
18 and 19. Furthermore, in the case of patient 3, the BOLD activation is located in the 
left mesial-temporal region. In terms of distance between dipole and structural 
abnormality, these do not differ from the dipole-to-BOLD values. The results for STSM 
are consistently inferior to the MDM results, with a mean distance of 4.2 cm.
Discussion
This section is based on the first report of the direct comparison of independently 
obtained EEG source modelling and spike-triggered fMRI findings (Lemieux et al., 
2001b). Although more sophisticated source models are currently available, e.g. based 
on current density distributions, in this report dipole-based models were evaluated 
because they are the simplest available models and because it has been previously 
shown that they can be useful in analysing EEG activity associated with a wide range of 
generators. For example, single moving dipoles were used to model the generators ofK. Krakow: EEG-correlated fMRI  113
IED associated with focal brain lesions successfully (Krings et al., 1998), while spatio- 
temporal source models have proven useful in the analysis of temporal lobe spikes 
(Merlet et al., 1998; Merlet and Gotman, 1999).




no EV (%) d (cm) EV (%) d (cm)
1 2 75 - 92 1.7
2 1 95 2.1 95 1.3
3 1 94 5.4 94 5.1
10 3 96 3.3 [3.3] 98 3.2 [4.1, 4.3]
15 3 92 3.7 92 1.0
17 2 95 3.1  [3.3] 98 1.0 [3.3]
Table 3: N is the number of  dipoles used, d is the distance between BOLD activation 
and the nearest dipole; in cases with multiple BOLD activations, the mean distance 
between each activation and the nearest dipole is given in parentheses, tl are the 
negative and t2 the positive peaks of the averaged spikes.
It was found that the moving dipoles model tends to fit the EEG data better than the 
spatio-temporal model. This is not surprising in light of the model’s relative lack of 
constraints. On the other hand, this model is usually considered the least realistic, since 
it is difficult to reconcile it with current physiological knowledge on the generation of 
EEG events. It was found that the number of dipoles necessary to fit the data 
satisfactorily to range between 1  and 3.
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or one of the dipoles was located in the same anatomical region as (or overlap) at least 
one of the BOLD activations, with a mean separation of 3.5 cm for tj and 2.2 cm for t2. 
The significance of this difference cannot be ascertained in such a small sample, but 
may nonetheless reflect a combination of the differences in the physiological processes 
that are imaged by the two techniques and propagation effects (see below).
Figure 19: Potential distribution for averaged spikes from patient 1 at b. It shows a 
complex pattern over the left temporal/parietal region. Soils lines represent positive 
values and dashed lines represent negative values; 20 pV/increment; Reference, 
common average.
The mean BOLD to dipole model distance for patients 1,2, 10, 15, and 17 is 1.6 cm. In 
these cases, the generator or generators appear to be relatively superficial. The 
anatomical separation of the dipole model and the BOLD signal change in patient 3 
most likely reflects the effects of propagation. There is an increasing body of evidence 
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but reflect time-locked propagation with secondary activation of the superficial cortex 
(Alarcon et al., 1994; Merlet and Gotman, 1999). It is well established that a major 
pathway for spike propagation from the hippocampus is through the uncinate fasciculus 
to the frontal cortex (Kendrick and Gibbs, 1958) which could well account for the deep 
hippocampal BOLD activation time locked to the scalp detected ipsilateral frontal 
spiking and associated dipole model.
In contrast to EEG-derived localisation methods, which rely on mathematical modelling 
techniques, EEG-triggered fMRI uses a direct biological measurement. At present no 
explicit biological model exists for the spatio-temporal relationship between the 
generators of IED and the BOLD response. It was already remarked that source models 
derived from scalp EEG and BOLD changes would not always to be expected to agree 
based on biological considerations. It was also noted that the mean BOLD-dipole 
separation is larger than the 1.1 cm mean separation between scalp EEG-derived point 
dipoles and the maximal potential measured using depth electrodes (data also acquired 
on two separate occasions) measured by Merlet and Gotman (1999), though the 
significance of this difference is difficult to assess at this stage. No similar intra-cerebral 
data was available in our patient group for comparison.
In summary, the potential sources of discrepancy between dipole and BOLD 
localisation are as follows from the fundamental to the purely methodological: (1) The 
different neurophysiological bases of the two measurement methods, and in particular 
the crucial issue of neurovascular coupling. Essentially, EEG reflects synchronised 
neuronal activity while fMRI reflects changes in local cerebral blood flow, oxygen 
consumption and blood volume associated with changes in neural activity. The exact 
nature of this association in the realm of normal brain function remains the topic of 
much investigation, and has been scarcely touched in pathological brain function. (2) 
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BOLD fMRI (Disbrow et al., 2000); effect of scanner field strength on the BOLD 
measurement, which restricts sensitivity mainly to large vessels at 1.5T. (3) Noise: 
Physiological, whereby EEG and fMRI will pick up brain activity not related to the 
pathology; Instrumental, related to both EEG and fMRI acquisitions. (4) Differences in 
brain or disease state between the two experiments due to sleep-wake state, drug levels, 
seizure history, that may not have a significant effect on individual spike morphology 
but nonetheless introduce a degree of variability in the spatial distribution of 
epileptogenicity. (5) Source modelling limitations: Although a conduction model of the 
head based on each individual subject’s MRI scan was used, the accurate estimation of 
the skull thickness is difficult based on the imaging data used. Multiple, spatially 
distributed sources can be falsely demonstrated as a single dipole by a source analysis 
algorithm. (6) EEG-triggered fMRI limitations: the restricted temporal resolution can 
lead to false localisation by identifying brain areas activated by propagation effects. (7) 
Uncertainty in electrode position and registration error due to image distortion: previous 
experience indicates that model-based electrode localisation uncertainty is of the order 
of 5 mm; for our EPI sequence, a geometric distortion of the order of one pixel (3.75 
mm) can be expected in the phase-encode (A/P) direction (Jezzard and Balaban, 1995). 
In the case of patient 1  (see figure 18), while some of the signal may arise from large, 
superficial vessels there may be an effect of mis-registration. Although effective 
distortion correction and co-registration methods have been proposed for EPI functional 
images they rely on the acquisition of special data and require special software, and thus 
have not yet been applied widely (Jezzard and Balaban, 1995; Studholme et al., 2000). 
Nonetheless this is an important issue, which may also contribute to a systematic bias 
across subjects, and has to be addressed in future work. The relative contributions of the 
above factors to the non-concordance seen between fMRI activations and EEG foci 
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others to contribute to a systematic bias (i.e. separation between BOLD and dipole 
localisation greater than the measurement uncertainty) than an increase in variance. In 
particular, evidence from combined BOLD and invasive EEG measurements indicates 
that the combination of some of the more fundamental factors listed above contribute to 
only a partial spatial overlap of the electrophysiological and BOLD maps associated 
with normal brain function (Disbrow et al., 2000). Within the limitations of source 
modelling based on scalp measurements, the results are consistent with the findings that 
electrical generators are in close proximity or overlap the BOLD activation. This may 
reflect a commonality of the neurovascular coupling between normal and pathological 
brain activity.
The issue of BOLD activation volume is important as it is widely acknowledged that the 
true generators of epileptiform activity are not point sources. In the context of pre- 
surgical assessment, the extent of the epileptogenic zone is an important factor. In terms 
of this study, the effect of activation extent for the purpose of assessing the agreement 
between dipoles and BOLD would be small given that in most cases studied here, the 
extent of the activation along the line joining the dipoles and the activation centre is 
small compared to the dipole-to-BOLD centre distance, d (see figure 18). In the case of 
patient 17, the distance from the dipole to the nearest edge of the BOLD activation was 
0.5 cm, compared to 1  cm for d. It is important to note that volume of activation 
obtained in a given experiment will be dependent on at least the following factors: 
signal-to-noise ratio (which incorporates measurement and intrinsic factors), amount of 
spatial smoothing applied and significance threshold level chosen.
It was already shown that individual spikes (in patient 1, table 2) can give rise to 
significant BOLD activation (Krakow et al., 2001b). Furthermore, the new technique of 
continuous event-related EEG-fMRI (Lemieux et al. 2001a), made possible by 
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increase in sensitivity and much improved temporal resolution should allow us to better 
study the spatio-temporal characteristics of spike-related BOLD signal changes. This, 
combined with the recording dense-array EEG during fMRI (Bonmassar et al., 1999), 
will provide the opportunity of studying electrophysiological and vascular changes 
measured simultaneously for individual events, and removing the effects of grouping 
and averaging of events.
Given the varying nature of the underlying substrates in the group of patients and the 
small number of subjects studied the results are suggestive of the validity and 
complementarity of both methods to localise generators of IED. It can be concluded that 
in all cases with equivocal information on localisation, a combination of EEG- 
correlated fMRI and EEG source analysis may enhance the analysis.
6.2.  Multimodal MR imaging: Combination of EEG-correlated fMRI with other 
MR modalities
A correlation of structural with functional information is essential to understand the 
processes underlying focal epilepsies (Duncan,  1997). This is in particular evident in 
patients with malformations of cortical development, a common cause for intractable 
focal seizures. Brains with malformations of cortical development may differ from 
normal brains in both functional and structural organisation (Raymond et al., 1995, 
Sisodiya et al., 1997).
In this section the integration of complementary functional and structural data acquired 
with MRI in a patient with localisation-related epilepsy due to cortical dysgenesis is 
demonstrated (Krakow et al., 1999a). Different MRI techniques can be useful in the 
field of epilepsy to investigate the microstructural organisation of brain tissue, the 
concentrations of cerebral metabolites and neurotransmitters, and local changes of blood 
oxygenation associated with epileptic activity and physiological brain activity. HereK. Krakow: EEG-correlated fMRI  119
results of four MR techniques are presented and discussed: (1) Functional MRI 
triggered by IED; (2) Functional MRI of the motor system; (3) Diffusion Tensor 
Imaging (DTI) to measure mean diffusivity, fractional anisotropy and fibre orientation; 




A 22-year-old right-handed man with refractory epilepsy since age one year had simple 
partial seizures with jerking and numbness of the left sided limbs, complex partial and 
secondarily generalised tonic-clonic seizures (patient 2 of table 2). Neurological 
examination revealed a mild left hemiparesis. Interictal EEG demonstrated frequent 
focal spikes and sharp waves over the temporal and parasagittal region of the right 
hemisphere. Standard structural MRI showed subcortical nodular heterotopia of the 
right hemisphere with a large mass in the central region and a smaller nodule in the 
medial parietal lobe.
All additional MR data was acquired with a 1.5 tesla Horizon EchoSpeed MRI scanner 
(General Electric, Milwaukee, USA) using the following MR techniques:
(\) EEG-triggered fMRI and fMRI of the motor system
The EEG/fMRI experiment was performed as described in section 5.1. Acquisitions 
representing 47 activation and control states each were sampled non-periodically. The 
SPM96 package was used to perform spatial realignment and statistical analysis, as 
described earlier. The significance threshold was set to p<0.001 and the extent threshold 
to p<0.05. In addition, a BOLD fMRI block design experiment of self paced finger 
tapping of the left hand was carried out.
(2)  Chemical Shift ImagingK. Krakow: EEG-correlated fMRI  120
The concentration of N-acety 1-aspartate (NAA) can be seen as a measure of neuronal 
functioning and integrity. CSI was performed with a 24x24 matrix over a 24 cm FOV 
(TE = 30 ms, TR = 3 s), giving 1  cm in-plane resolution. The slice was 2.25 cm thick, 
for a nominal voxel volume of 2.25 cc. A region of interest (11 cm x 7.5 cm) was 
prescribed using PRESS localisation. Spectra from each voxel were extracted and fitted 
in the frequency domain using LCModel (Provencher, 1993). Quantitative metabolite 
maps were produced as previously described (McLean et al., 1998), and overlayed upon 
a reference anatomic image.
(3)  Diffusion Tensor Imaging
Diffusion-weighted MR imaging can be used to study cerebral microstructure, in 
particular the orientation of fibres in the white matter. In the white matter of the brain 
diffusion is directional (anisotropic) because water molecules diffuse predominantly 
parallel to tracts (Basser and Pierpaoli, 1996). Diffusion tensor imaging (DTI) provides 
quantitative measures of the magnitude and directionality of water diffusion in a three 
dimensional space and can be used for accurate studies of fibre orientations in vivo 
(Hsu et al., 1998). The principal eigenvector represents the principal direction of 
diffusion and can be used to display the direction of the fibre tract axis. Maps of the 
anisotropy of water diffusion give information about the degree of directionality. Highly 
directionally organised tissues have high anisotropy
A single shot inversion recovery prepared spin echo EPI based diffusion-weighted 
sequence (TR = 5000 ms, TE = 78 ms, TI = 1835 ms, FOV 24 cm, acquisition matrix
96x96, 5 mm slice thickness, 5 mm inter-slice gap) was used. Two b-values were
•  2  applied in 7 non-coliniar directions at 14 slice positions (bm ax = 703 s/mm ). Two
interleaved series with five averages were acquired. The fractional anisotropy and mean
diffusivity were calculated on a pixel-by-pixel basis (Basser et al., 1996). The mean
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anisotropy index is a scalar index of anisotropy which scales from 0 (isotropic medium) 
to 1  (maximum anisotropy).
In addition, a norm fractional anisotropy brain was created by averaging the spatially 
normalised anisotropy maps of 20 control subjects and generated maximum intensity 
projections (MIPs) using ANALYZE 7.5 software (Biomedical Imaging Resource; 
Rochester, Minnesota: Mayo Foundation, 1996). The MIP of the normal anisotropy 
brain was overlaid with pixels with significantly (>mean -2 SD) reduced anisotropy of 
the patient.
Results
The fMRI activation map is presented in figure 75. It reveals a single significant BOLD 
activation associated with interictal discharges (maximum Z-score = 3.9), located in the 
lateral part of the large MCD adjacent to its cleft. The activated area showed co­
localisation with the EEG spike focus and was reproducible in three studies.
Figure 20a shows an overlay of a quantitative NAA map upon a reference anatomic 
image. The normal-appearing tissue and parts of the malformation appeared mainly 
yellow, indicating a relatively uniform high concentration of NAA. The NAA was 
abnormally low along the medial border of the MCD. In the same area, the DTI 
revealed a clearly higher mean diffusivity (values around 1.0 x 10'3  mm2/s; figure 20b) 
and a lower fractional anisotropy (values around 0.4; figure 20c) than in the surrounding 
tissue. On TI-weighted images, this area did not differ from the remaining MCD, and 
no signs of oedema were visible on T2-weighted images. In addition, there was reduced 
anisotropy throughout the brain, including normal appearing white matter (mean 
diffusivity in white matter of normal control subjects: mean 0.75 x 10-3mm2/s (SD
0.05) x 10-3mm2/s, fractional anisotropy in control subjects: mean 0.76 (SD 0.05) 
(figure 2Id). Maps of the principal eigenvector showed that fibres were deviating fromK. Krakow: EEG-correlated fMRI  122
their usual rostral-caudal orientation (in control subjects the angle between the AC-PC 
line and the pyramidal tract ranged from 50° to 80°) passing around the malformation 
(figure 21c), which explained the findings of the fMRI finger tapping experiment: In 
this experiment there was no fMRI activation in pixels inside the heterotopic grey 
matter but it occurred in pixels adjacent to the heterotopic grey matter figure 21b).
Figure 20: Quantitative metabolite map of  N-acetyl-aspartate (NAA) (a).  Yellow 
indicates high, red and blue lower concentrations of  NAA. Mean diffusivity (b) and 
fractional anisotropy (c) map. The area with a high mean diffusivity showed co­
localisation with the region of  reduced NAA concentration and  fractional anisotropy, 
indicated by a cross (x).
Discussion
The MR techniques of this study, which can be applied during a single session of less 
than three hours, provide information about the generation of interictal epileptiformK. Krakow: EEG-correlated fMRI  123
discharges and neuronal and micro-structural organisation of the epileptogenic lesion 
and the surrounding tissue which is not available with other non-invasive techniques.
Figure 21: (A) T2 weighted anatomical image showing a large nodular heterotopia 
area in the right central region and a smaller one in the medial parietal lobe (left on 
images is patient's right). (B) fMRI experiment (finger tapping of  the left hand) showing 
widespread activation in the right hemisphere sparing the dysgenetic area in the central 
region. There is some activation in the parietal dysgenetic region. (C) Map of the 
principal eigenvector (sagittal view) showing that fibres with rostral-caudal orientation 
(presumably the pyramidal tract) are passing around the central dysgenetic area. (D) 
Maximum intensity projections (MIP) of a normal brain of  anisotropy of water diffusion 
overlayed with pixels with significantly (< mean -2 SD) reduced anisotropy of the 
patient showing widespread bilateral loss of  directional organisation of white matter 
(coronal MIP views rotated in 45° steps starting with an anterior view).K. Krakow: EEG-correlated fMRI  124
Using EEG-triggered fMRI a brain area within the MCD involved in generating IED 
was identified (figure 13). Due to the high temporal resolution of fMRI, changes of 
blood flow and oxygenation linked to single epileptiform discharges can be identified 
(Warach et al.,  1996). The size of the fMRI activation is relatively small compared to 
the anatomical extent of spiking cortex usually identified by electrocorticography. This 
might be due to the fact that the sensitivity of our fMRI technique was not high enough 
to identify the whole extent of activated cortex. As the fMRI was triggered after IED, 
the activated cortical area contributes to the „irritative zone'4 . As discussed previously, 
this is not identical with the „epileptogenic zone*4 , but typically has a close spatial 
relation (Liiders et al., 1993). The pattern of cortical activation during finger tapping 
differed from the pattern found in subjects without neurological disease. The activation 
was widespread, but spared the malformation of cortical development. The possibility 
that some cortical activation below the threshold of fMRI occurred within the 
heterotopic grey matter could not be excluded. However, the fMRI study indicated an 
abnormal functional organisation of the cortex involving large regions in the right 
hemisphere consistent with previous PET studies (Richardson et al., 1998).
DTI revealed a heterogeneous structure of the MCD that was not evident on standard 
MRI: The centre of the malformation appeared similar to normally organised grey 
matter, while the periphery showed abnormalities of micro-structural organisation: In 
this area the tissue showed a lower density than normal grey matter (indicated by a high 
mean diffusivity, figure 20b) and was less structurally organised than white matter (low 
fractional anisotropy, figure 20c). This area was identical with the region showing the 
lowest NAA-concentrations (figure 20a), also indicating an area of impaired neuronal 
function (Hugg et al., 1996, Cendes et al., 1997). Interestingly, the area with the most 
abnormal micro-structural organisation and NAA-reduction was distinct from the area 
identified with fMRI. It can therefore be assumed that the histological abnormalitiesK. Krakow: EEG-correlated fMRI  125
indicated by DTI and CSI are not necessarily identical with the area generating the 
epileptic activity. Whether this mismatch between micro-structural and functional 
abnormalities within the lesion is specific for this particular patient, or is a common 
finding in lesional epilepsies is important to determine in larger studies of a population 
of patients, preferably including surgical outcome data and histological correlation. 
Additionally, DTI provided information about neuronal pathways of the brain ("MR 
tractography"). Maps of the principal eigenvector of the diffusion tensor showed that 
fibres with rostral-caudal orientation (presumably reflecting the pyramidal tract) 
deviated "avoiding" the malformation (figure 21c). Displaced but largely intact motor 
pathways might be the imaging correlate of the mild hemiparesis in this patient. 
Comparison of the patient’s diffusion anisotropy with that in a group of normal controls 
revealed evidence for widespread regions of reduced anisotropy in the white matter not 
only affecting the malformation but also the normal appearing white matter in the 
contralateral hemisphere (figure 2Id). This is consistent with a loss of directional 
organisation of white matter (Wieshmann et al., 1999).
In conclusion, the ability to localise brain regions which show abnormal micro­
organisation and are involved in generating epileptiform activity may improve 
understanding of the pathophysiology of epilepsy and associated neurological deficits 
and advance specific surgical strategies related to different pathologies. Further 
characteristics of epileptogenesis may become approachable in vivo if not only fMRI, 
but also diffusion and chemical shift imaging are correlated with epileptic activity 
identified with concurrent EEG recording.
6.3.  Fixation-off sensitivity as a mode! of continuous epileptiform discharges: EEG, 
neuropsychological and functional MRI findings
Fixation-off sensitivity (FOS) refers to an electroencephalographic (EEG) abnormalityK. Krakow: EEG-correlated fMRI  126
elicited by elimination of central vision and fixation. The EEG findings are 
characterised by sustained occipital or generalised epileptiform discharges during eye 
closure, complete darkness or unpattemed vision, which disappear on binocular or 
monocular fixation. FOS is most frequently found in children with benign childhood 
epilepsy with occipital paroxysmal activity (BCEOP). Only a few cases of FOS in adult 
patients with epilepsy are described in the literature (Panayiotopoulos, 1998).
In this section the electro-clinical findings of an adult with FOS are demonstrated as a 
human model for the study of epileptiform discharges. FOS occurs predictably and is 
not associated with clinical features such as movement impeding EEG and MRI. The 
main aims of this study were to assess whether the epileptiform activity is associated 
with (1) transitory cognitive impairment and (2) changes of cerebral perfusion 
detectable with BOLD fMRI.
Patient and Methods
The patient was a 27 year old male with an unremarkable medical history until age 20 
when he gradually developed difficulties walking down stairs and slopes because of 
worries that he may fall. These problems generalised over several years leading to a 
psychiatric diagnosis of agoraphobia, panic disorder, and obsessive compulsive 
disorder. The neurological examination was unremarkable besides a slightly unsteady 
gait. An EEG, which was performed because of occasional falls, revealed FOS. He 
never experienced, however, any symptoms indicative of epileptic seizures, but had a 
positive family history of epilepsy. His deceased maternal grandmother had grand mal 
epilepsy and one of his five siblings was diagnosed with myoclonic epilepsy.
Video-EEG monitoring
30 channels of scalp EEG were recorded for 22 hours. The EEG recording coveredK. Krakow: EEG-correlated fMRI  127
periods with spontaneous eye opening and closure, sleep, tests for eliminating central 
fixation and central vision (including complete darkness, monocular and binocular 
Frenzel lenses, and homogeneous visual fields), and photic stimulation.
64-channel-EEG source analysis
64-channel EEG was recorded using a QuickCap (Neuroscan, Sterling, Virginia, USA). 
Five two-second epochs beginning one second before the fixation-off discharges were 
extracted from the recording for EEG source analysis. Localization analysis was 
performed based on the first spike and wave complex of each epoch using the Curry 3.0 
software (Neuroscan) with a realistically-shaped boundary-element conduction model. 
Spatially-constrained MUSIC dipole scan and current density map generator models 
were applied.
Neuropsychological assessment
Parallel forms of three cognitive tasks were performed by the patient during EEG 
recording under the two conditions “eyes open” and “eyes closed”.
1. The digit span task from the WAIS-R was used.
2. In the story recall task the patient heard a short passage containing 30 ideas and was 
then asked to immediately recall as much as he could.
3. In the list learning task the patient was read a list of 15 words and asked to repeat as 
many words as possible following each presentation. Five learning trials were 
presented. To control for timing effects the two conditions were alternated between the 
tests.
fMRI
Data were acquired using a 2 tesla Magnetom VISION (Siemens, Erlangen, Germany)K. Krakow: EEG-correlated fMRI  128
MRI system. Contiguous multislice T2*-weighted fMRI images were obtained (echo 
time = 40 ms) with echo-planar imaging (32 axial 3 mm slices, 3.2 seconds per 
volume). Five epochs of the eyes open and three of eyes closed condition were 
acquired, each consisting of 10 volumes (the planned image acquisition was not 
completed due to claustrophobia of the patient). Eye closure was monitored using the 
Eyetracking system, Model 504 (Applied Science Laboratories, Bedford, MA, USA). 
Scanning data were processed and analysed using Statistical Parametric Mapping 
(SPM99b) (Friston et al., 1995). All volumes were realigned and the images were 
spatially normalised and smoothed (8 mm). The two conditions were compared with a t- 
statistic on a voxel-by-voxel basis.
Results
EEG
The resting record showed beta-rhythm with occasional 8 Hz alpha-rhythm of medium 
amplitude on eye opening. With eyes closed, there were continuous spike and wave 
complexes associated with 3-4 Hz slow wave activity at 40-100 pV in the posterior 
regions bilaterally. This activity commenced immediately on eye closure and attenuated 
with eye opening (figure 22). When central fixation and vision were eliminated, the 
posterior discharges re-appeared and were then unaffected by eye opening or eye 
closure. The discharges persisted during light sleep and disappeared during slow wave 
sleep. There was no evidence for photosensitivity.
Neuropsychological assessment
Scores of both the story recall and the list learning tasks were significantly lower in the 
eyes closed-condition. In the eyes open condition the scores fell in the 75th - 90th 
percentile range for the story recall and the 50th percentile range for the list learningK. Krakow: EEG-correlated fMRI  129
task. In the eyes closed condition the scores on these tasks fell at the 25th and below the 
2nd percentile, respectively. There was no significant difference in the performance on 
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Figure 22: Video-EEG recording. Ten EEG channels of  a bipolar montage are 
displayed. Bilateral occipital spike and sharp and slow wave discharges are 
immediately induced by binocular fixation-off (eye closure).
fMRI and EEG source analysis:
The fMRI results are presented in figure 23. The comparison “eyes open” to “eyes 
closed” showed, as expected, an activation of the primary visual cortex and 
neighbouring extrastriate regions (figures 23a and 23c). The “eyes closed” state 
revealed a bilateral parieto-occipital activation laterally adjacent to the region activated 
during “eyes open” (figures 23b and 23d). Additional smaller activated regions were
LF= 0.5 Hz HF= 50 Hz
Eyes open
I
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localised in the right anterior cingulum and bilateral in the superior frontal gyrus and 
fronto-basal regions {figure 23b).
Source localisation based on both EEG generator models and over all selected epochs 
had a clear occipital maximum (figure 24).
u
Figure 23: SPM activation map of the fMRI data. Areas of  significant BOLD signal 
changes are displayed in a sagittal and axial glass view (a,b) and overlaid on an axial 
anatomical image (c,d). The eyes open state is associated with an occipital visual 
activation (a,c), the fixation-off discharges during eye closure with a bilateral parieto­
occipital activation laterally adjacent to the visual activation and smaller activations of 








Figure 24: Current density map based on a 64-channel EEG recording showing a 
bilateral occipital source localisation.
Discussion
This is the first report of an adult patient with marked FOS and no history of epilepsy 
(Krakow et al., 2000b). The EEG showed the typical features of FOS with continuous 
epileptiform discharges during elimination of central vision and fixation, including light 
sleep. Although the patient never experienced any clinical symptoms which could be 
attributed to his FOS, neuropsychological testing revealed cognitive impairment that 
occurred simultaneously with the epileptiform discharges. This is in keeping with 
reports on transitory cognitive impairment with focal (Binnie,  1987) and generalised 
(Rugland,  1990) epileptiform discharges in patients with epilepsy. In contrast to studiesK. Krakow: EEG-correlated fMRI  132
in epilepsy patients, measurements of cognitive performance in FOS are not confounded 
by effects of antiepileptic drug therapy and seizures, and the predictable occurrence of 
discharges facilitates the experimental set-up and interpretation of results.
The involvement of fronto-central regions has been considered to be important for the 
manifestation of cognitive impairment during epileptiform EEG discharges 
(Aldenkamp, 1997). A possible explanation of the cognitive dysfunction in FOS with an 
occipital EEG focus is provided by fMRI which showed not only activation of parieto­
occipital, but also of frontal lobe structures associated with the fixation-off discharges. 
This might indicate a more widespread functional disturbance than suggested by the 
localised scalp EEG changes.
The fMRI activations indicate an increased blood flow related to the epileptiform 
activity, which is in keeping with previous fMRI studies showing BOLD signal changes 
related to focal seizures (Jackson et al., 1994), and focal (Krakow et al., 1999b) and 
generalised (Warach et al.,  1996) interictal epileptiform discharges. In contrast, a recent 
fMRI study failed to detect BOLD signal changes in relation to brief photoparoxysmal 
spike-wave activity evoked in patients with photosensitive epilepsy (Hill et al., 1999). 
Photosensitivity is considered to have opposite mechanisms of excitation and inhibition 
to that of FOS (Panayiotopoulos, 1998).
In the interpretation of the fMRI results the lack of a baseline condition in FOS has to 
be taken into consideration. Both conditions ("eyes open" and "eyes closed") are 
associated with a partly overlapping occipital activation. Therefore the area of visual 
activation (figures 23a and 23c) appeared to be spared in the activation of the fixation- 
off discharges (figures 23b and 23d), although the pattern of the surrounding fMRI 
activation and the EEG source reconstruction strongly suggest an involvement of the 
visual cortex in generating the discharges.
In conclusion, the applied methods could enhance the understanding of an EEGK. Krakow: EEG-correlated fMRI
phenomenon such as FOS by demonstrating transitory cognitive impairment in an 
otherwise subclinical condition and localising the underlying generators of the 
discharges with high spatial resolution.K. Krakow: EEG-correlated fMRI  134
Chapter 7
Further applications and future developments
7.1. Further applications: EEG-correlated fMRI beyond epilepsy
The development and application of EEG-correlated fMRI was so far mainly carried out 
in the field of epilepsy research. The efforts were driven by the need of further non- 
invasive tools to identify and localise epileptic activity. However, because EEG and 
fMRI jointly can provide information about the timing and location of brain activity in 
general, it is reasonable to expect that EEG-correlated fMRI will allow investigators to 
probe for the generators of physiologic states or cognitive evoked potentials. 
Applications that may be appropriate to consider, in addition to epilepsy, include the 
evaluation of the fMRI generators related to physiological EEG events and oscillatory 
rhythms such as alpha rhythm, sleep spindles, and cognitive or more standard clinical 
evoked potentials (EP) (Schomer et al., 2000).
The recording of EP inside the fMRI (Bonmassar et al., 1999) has proven exceptionally 
difficult because of the small amplitude of the signal which ranges from 1  to 10 pV and 
the relative amount of random noise present which may be between 20 und 200 pV 
(Bonmassar et al., 1999). In the first study performed by Bonmassar et al. visual pattern 
reversal EP were measured (full-field black and white checkerboard visual stimulus 
with 2 Hz or 4 Hz reversal frequency). In a 1.5 tesla magnet the visual evoked potentials 
waveforms were clearly extractable by epoch selection and averaging. The concurrent 
fMRI showed activation of early visual areas (VI and V2).
A study performed by Goldmann et al. (2001) used EEG-correlated fMRI to identify the 
generators of alpha rhythm. Six subjects were studied during eyes closed rest. Sixteen 
channels of scalp EEG were recorded, MR scanning was preformed on a General 
Electric 3 Tesla imager using EPI. A software described in Goldman et al. (2000) wasK. Krakow: EEG-correlated fMRI  135
used to remove scanner and pulse artifact. Then, the average power in the alpha band 
(8-12 Hz) was calculated at each TR using a Fast Fourier Transform. These curves were 
then convolved with a hemodynamic response function and a voxel-wise correlation 
was performed.
Two prominent correlations between the BOLD response and the alpha power were 
found: A negative one in the occipital cortex and a positive one in the thalamus. These 
anatomic correlations were not present for the other EEG frequency bands. The results 
support the hypothesis that the alpha rhythm represents a state of decreased afferent 
input associated with neocortical synchronisation that is driven by the thalamus.
The next section gives an example how EEG-correlated fMRI can be used to monitor 
the state of vigilance and sleep during fMRI experiments.
Monitoring of sleep-wake cycle during fMRI experiments
If EEG is recorded during MRI scanning (e.g. for spike-triggered fMRI in patients with 
epilepsy) it can be observed that patients or probands often fall asleep inside the scanner 
despite the noisy and narrow environment. Hence, EEG-correlated fMRI can also be 
used to study the sleeping brain. The EEG recording (with additional EMG and EOG 
recording) enables on-line monitoring of the sleep stages while the fMRI can reveal a 
profile of brain activation and deactivation during sleep with high spatial resolution. 
Sleep studies can focus on a sleeping brain unchallenged with specific manipulations in 
terms of external cognitive stimuli to study activation-deactivation patterns compared to 
the waking state. Alternatively, cognitive information can be offered to the sleeping 
brain in form of sensory stimuli. Many previous electrophysiological studies have 
examined the surface cortical-evoked responses to a variety of stimulus-related 
paradigms, demonstrating strong evidence that in several stages of sleep information 
can be processed, retained, and even modified. However, as with the wake state, theseK. Krakow: EEG-correlated fMRI  136
EEG techniques suffer from poor spatial resolution, leaving explanatory models of 
information processing across the sleep states largely speculative (Walker and Hobson, 
Neuron 2000). In the following section a study of specific auditory processing in 
waking versus non-REM sleep using EEG-correlated FMRI is presented, which is one 
of the first taking advantage of the superior spatial resolution of fMRI. This study was 
performed at the Wellcome Institute of Cognitive Neurology, Institute of Neurology, 
University College London in cooperation with Dr. Chiara Maria Portas.
Introduction
The degree of cognitive activity taking place in a sleeping brain is a current matter of 
interest (Cote and Campbell 1999; Perrin et al., 1999). Although the 
electrophysiological studies described above show that some aspects of sensory 
processing are preserved during NREM sleep, they lack the spatial resolution to identify 
the neuroanatomical substrates underlying this process. In this study, fMRI was 
combined with EEG to investigate ‘if and ‘how’ the brain responds to sensory 
processing across different levels of consciousness. First, it was tried to establish to 
what extent auditory stimuli presented during sleep are associated with brain activity 
and hemodynamic changes associated with auditory processing were compared between 
in sleep and wakefulness. Second, it was considered whether, during NREM sleep, the 
brain may differentially process stimuli having special affective significance. To test 
this hypothesis, two types of auditory stimuli were presented, matched for their intensity 
and duration but with different affective significance: pure tones (beep) and the 
subject’s own first name.
Subjects
A total of 12 healthy volunteers (10 males and 2 female, age 23-34) participated in theK. Krakow: EEG-correlated fMRI  137
study. They had negative history for neurological, psychiatric disorders or sleep 
abnormalities. Three subjects were used in a pilot study to test the experimental 
procedure. Two more subjects had to be excluded from the group analysis due to severe 
movement artifacts present in the data acquired. Thus, results from 7 subjects (5 males 
and 2 females) were used in the data analysis.
Experimental protocol
To ensure that subjects would sleep in the uncomfortable and noisy MRI environment 
the sleep propensity was increased by sleep depriving the subjects for 24 hours prior to 
the experiment, under continuous supervision. On the day of the experiment subjects 
were prepared for polygraphic recording and then placed inside the scanner (8.00 a.m.). 
To minimise movement artifacts due to sleep, the subject’s head was immobilised with 
special pads. During a 2 hour scanning period (including wakefulness and sleep) 
subjects were presented binaurally, using a headphone, with trains of auditory stimuli of 
two types alternated with periods of silence (baseline condition). In the baseline 
condition there was no auditory stimulation other than the scanner noise (figure 25). A 
pure tone (beep, 1400 Hz sine waves, 500 ms duration, 80 db intensity) was used as 
neutral stimulus and presentation of the subject’s own name (500 ms duration, 80 db 
intensity) was used as stimulus having special affective significance. Previous studies 
have shown that a person’s own name is an intrinsically meaningful stimulus (Brain, 
1958; Oswald et al., 1960; McDonald et al.,  1975; Fischler et al., 1987, Voss and Harsh, 
1998) and its saliency stands out against presentation of other first names (Berlad and 
Pratt, 1995; Perrin et al., 1999). In addition, the subject’s own name offers the same 
level of affective saliency across subjects. A total number of 160-180 ‘events’ (pre­
recorded trains of stimuli or baseline) were presented in random order during matching 
bursts of functional measurements (see section below). In the gaps between bursts ofK. Krakow: EEG-correlated fMRI  138
fMRI measurements the recorded scanner noise was replayed in order to produce a 
constant background noise through the duration of the experiment (sq q figure 25).
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Figure 25: A schematic of the experimental design of the EEG/fMRl study on auditory 
processing across the sleep-wake cycle. The figure shows the time relation between 
functional measurements, EEG recording, presentation of  auditory stimuli, and replay 
of  MR scanner noise.
Functional data acquisition and analysis
To detect brain activation associated with processing of auditory stimuli across the 
sleep-wake cycle, a burst-mode fMRI was used (Josephs et al., 1999). This technique 
involves the acquisition of short ‘bursts’ of measurements (6 measurements per burst in 
this study). In the gaps between bursts it is possible to monitor behaviour and/or 
electrophysiological parameters (e.g. EEG recording). During a two hour experimental 
session 160- 180 bursts (matching the number of events) were acquired for each subject 
(corresponding to approximately 1000 volumes). Each volume consisted of 34 slices (2 
mm thickness). With this procedure each volume covered the whole brain (with theK. Krakow: EEG-correlated fMRI  139
exception of the lowest part of the cerebellum); the voxel size was 3x3x3 mm, and the 
acquisition time (TA) was 2.88 seconds. Each burst had approximately 17 seconds 
duration (same as the gaps) (see figure 25). Before proceeding to fMRI data analysis all 
volumes were realigned, motion corrected, normalised (Friston et al., 1995) to a 
standard template (Montreal Neurological Institute; Evans et al., 1994) and smoothed 
using a 6 mm FWHM Gaussian kernel. Statistical inference was obtained using SPM99. 
Data were analysed by modelling the evoked hemodynamic responses for the different 
stimuli as boxcars convolved with a synthetic hemodynamic function (hrf), in the 
context of the general lineal model (Josephs et al., 1997). Six event types were defined: 
name, beep and rest in sleep and wake. Differential effects were tested by applying 
appropriate linear contrasts to the parameter estimates for the hrf regressors of each 
event, resulting in a t-statistic for each voxel. These t-statistics (transformed to Z- 
statistics) constitute a Statistical Parametric Map. The corresponding p values were 
corrected for multiple comparisons across the entire brain, in the context of Gaussian 
random field theory, except where otherwise indicated.
Data were first analysed individually for each subject and then as a group. A fixed 
effects model was used to estimate the main effect of state (sleep or wakefulness) over 
each type of event (beep, name, baseline). State by event interactions (e.g. auditory- 
related brain activity during sleep was compared to auditory- related brain activity 
during wakefulness), and state by event-type interactions (i.e., name- versus beep- 
related brain activity during sleep compared to name- versus beep-related brain activity 
during wakefulness were also studied; for a detailed review of interaction analysis see 
Price et al., 1997). Significance was accepted for p<0.001 uncorrected or p<0.05 
corrected for multiple comparisons (Friston et al., 1994).K. Krakow: EEG-correlated fMRI  140
EEG data acquisition and analysis
Sleep and wakefulness electrophysiological correlates were assessed by polygraphic
recording obtained during bursts of measurements (figure 25). Gold electrodes were
applied on the scalp (Al, A2, C3, C4) according to the International 10/20 system
(Jasper, 1958) for EEG, on the outer canthus-extemal meatus for electrooculogram
(EOG), under the chin (submental muscles) for electro-myogram (EMG). The EEG
recording during the fMRI experiment was performed as described in section 5.1. Data
were visually analysed on-line and off-line by two different raters to distinguish sleep
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Figure 26: Example of  a polygraphic recording inside the MR scanner. During quiet 
wakefulness the EEG is characterised by alpha-activity (upper panel), while sleep is 
characterised by high amplitude theta and delta activity (lower panel). The amplitude of 
the EMG-activity and the heart rate is also decreased during sleep compared to 
wakefulness. The calibration bar used  for EEG, EOG, and EMG channels corresponds 
for 50 pV, for the ECG channel corresponds for 500 pV.K. Krakow: EEG-correlated fMRI  141
To increase the number o f‘events’ in relation to the ‘state’ all NREM sleep stages were 
collapsed into one. REM sleep epochs were too rare and short (due to the short scanning 
time and to the ‘total sleep deprivation’ protocol) and were excluded from the data 
analysis. Epochs which included state transitions or combination of waking and sleep 
were also excluded from data analysis. Thus, only two states were considered: sleep and 
wakefulness.
For EEG/fMRI data matching, each EEG recording epoch was paired with the 
preceding burst of measurements and auditory event (figure 25). It was considered that 
because each train of auditory stimuli ended just before the outset of an EEG-epoch, 
such EEG-epochs would closely reflect the occurrence (or lack) of wakefulness during 
the preceding burst of measurements.
Results
Hypnograms showed in all subjects an alternation between wakefulness and sleep 
periods. NREM sleep will be referred to as ‘sleep’. Most subjects fell asleep 
immediately after the start of the experiment and spent most of the sleeping time in 
stages II and III. An example of a subject’s polygraphic recordings is shown in figure 
26.
The mean number of awakenings was 10 per subject and the majority was due to the 
presentation of the subject’s own name (figure 27). The most important finding of this 
study was that the pattern of brain activation associated with auditory stimulation was 
remarkably similar during wakefulness and sleep. In particular, processing of the 
auditory stimuli (name or beep) produced bilateral activation in auditory cortex 
(superior temporal gyrus, BA 41/42), thalamus and caudate in wakefulness and sleep 
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Figure 27: The affective saliency of the stimuli was estimated as percentage of 
awakenings in relation to the time of  stimulation. The graph shows the percentage of 
awakenings in relation to the type of  auditory stimulation. Name is significantly more 
arousing than beep (ANOVA followed by post-hoc comparison p <0.05).
However, when the stimuli-related brain activity during sleep was compared to stimuli- 
related brain activity during wakefulness, a decreased activation was found in the left 
parietal cortex (BA 7) and bilaterally in the prefrontal cortex (BA 47), thalamus, 
cingulate gyrus (BA23/24) and peri-amygdala regions.
Direct comparison between the two event types {name versus beep) revealed higher 
activation of the middle temporal gyrus and orbito-frontal cortex bilaterally in response 
to the name in both wakefulness and sleep (figure 28).
Finally, activations associated with the interaction between stimulus type and state were 
assessed. That is, name- versus beep-related brain activity during sleep with name- 
versus beep-related brain activity during wakefulness were contrasted. Because there 
was interest in those brain regions which responded more to the presentation of theK. Krakow: EEG-correlated fMRI  143
subject s own name, compared to beep, in sleep than in wakefulness, the interaction was 
masked with a contrast coding for the simple main effect of name versus beep in sleep. 
This comparison showed increased activation in the left amygdala and left prefrontal 
cortex (BA 46).
Name vs beep during wakefullness  Name vs beep during sleep
Figure 28: SPM activation map of auditory stimulation in wakefulness and in sleep. 
There is a bilateral activation in the superior temporal gyrus and thalamus in both 
wakefulness and sleep. These brain areas are more activated in relation to name 
compared to beep presentation in both wakefulness and sleep.
Discussion
This section presents the first fMRI study to investigate auditory processing as a 
function of the level of consciousness (Portas et al., 2000). The first significant result ofK. Krakow: EEG-correlated fMRI  144
this study is that the pattern of brain activation associated with auditory stimulation was 
strikingly similar in wakefulness and sleep, suggesting that sensory processing occurred 
in both conditions. However, qualitative differences were found in brain activation 
associated with auditory processing during sleep compared to wakefulness. The reduced 
regional activity during sleep, compared to wakefulness, in the left parietal and, 
bilaterally, in the prefrontal cortex, thalamus and cingulate gyrus (part of the limbic 
system) suggests that these areas may be involved in the further processing and 
perceptual integration of sensory inputs likely to occur during wakefulness only. Indeed, 
a role for frontal and parietal regions (Kleinschmidt et al., 1999, Lumer et al., 1999, 
Portas et al., 2000) and the thalamus (Hugdahl et al.,  1991, Portas et al., 2001) in 
conscious perception has previously been proposed.
Recent PET studies of vegetative patients showed that their primary auditory cortex 
responds to auditory stimulation (Laureys et al., 2000). However, a significant alteration 
in functional connectivity between the auditory cortex and multimodal (parietal cortex) 
and limbic areas was reported. The authors suggested that these ‘functional’ 
disconnections restrict cortical processing and prevent perceptual integration in 
vegetative patients. In this respect, Laureys’s results are entirely consistent with this 
study. Residual input processing in vegetative patients in relation to other sensory 
modalities has also been shown (Owen et al., 1999). Furthermore, a selective decrease 
o f activity in association cortices (parietal and prefrontal regions) during REM sleep in 
healthy volunteers has been reported (Maquet et al., 1996). REM sleep is a state in 
which the brain is highly aroused and the activity in the thalamo-cortical system is 
similar to wakefulness (Llinas and Ribary,  1993). However, sensory awareness is rarely 
achieved (Burton et al., 1988) and the threshold for awakening is as high during REM 
sleep as in delta sleep (Rechtschaffen et al., 1966). It is conceivable that the dampened 
activity in association regions during REM sleep is sufficient to prevent awareness andK. Krakow: EEG-correlated fMRI  145
contextualisation of sensory stimuli despite the high degree of brain arousal. Despite the 
intrinsic difference between REM and NREM sleep (Llinas and Pare, 1991), it seems 
that a similar decrease in association cortices activity may occur in the two states. This 
might explain the common perceptual impairment. The present findings argue in favour 
of this hypothesis.
The second aim of this study was to investigate if, during sleep, the brain responds in a 
different fashion to different stimuli as a function of their significance. Behavioural and 
electrophysiological evidence support this possibility. For example, some auditory 
stimuli produce more awakenings than others regardless of their intensity, e.g. young 
mothers are woken up by their infants lightest movements (Nishihara and Horiuchi, 
1998). In addition, a waveform called "mismatch negativity" elicited by deviant tones in 
wakefulness, is also present during sleep (Nordby et al., 1996, Pratt et al., 1999). 
Similarly, other electrophysiological studies suggested that certain processes of 
attention and memory-related operations involved in auditory processing remain 
operative during sleep (Bastuji et al., 1995, Nordby et al., 1996, Brualla et al., 1998). Of 
particular interest is the recent study by Perrin et al. (1999), reporting that, during REM 
and NREM sleep, presentation of the subject’s own name elicited a cognitive response 
comparable to that occurring during wakefulness as shown by enhancement of the P300 
component. Such responses were not shown for presentation of other first names. 
Taking advantage of the higher spatial resolution of fMRI compared to event related 
potentials, we were able to identify selective areas of brain activation associated with 
processing of significant (subject’s own name) and neutral (beep) auditory stimuli 
across the sleep-wake. Presentation of beep or subject’s own name induced a similar 
pattern of activation in the auditory cortex, thalamus and caudate bilaterally. However, 
when name- was compared to beep- related brain activity, higher activation was present 
in the middle temporal gyrus and orbito-frontal cortex bilaterally both in wakefulnessK. Krakow: EEG-correlated fMRI  146
and sleep. This difference is likely to reflect complex semantic processing (Binder et al., 
1997) essential for name processing only.
More importantly, when specifically the effect of name versus beep in sleep compared 
to wakefulness was tested, higher activation in the left amygdala and left prefrontal 
cortex was found. These responses to the presentation of subjects' own name were 
unrelated to the physical difference between the stimuli and only present during sleep. 
Thus, the results suggest that when subjects were listening to their own name during 
sleep some brain regions were selectively more responsive than in any other condition. 
The evidence that the amygdala may play a role in mediating the response to auditory 
stimuli with affective significance is not surprising. The role of the amygdala in 
detection of stimuli with affective content is well established (e.g., LeDoux, 1996) and 
amygdala responses to behaviourally-relevant stimuli can occur without awareness 
(Morris et al., 1998; Whalen et al., 1998). The present study extends these findings to 
the unconscious state represented by sleep. The lateral nucleus of the amygdala receives 
profuse projections from the auditory thalamus and auditory cortex (Romanski et al., 
1993). Information from the lateral nucleus flows to the central nucleus and from here 
to several cortical and subcortical areas. It can be suggested that following the detection 
of relevant emotional stimuli during sleep, the amygdala may activate the dorsolateral 
prefrontal cortex, inducing arousal and sustaining a basic level of sensory awareness 
(Armony and LeDoux, 2000). Although the amygdala is not directly connected to the 
dorsolateral prefrontal cortex, it projects to the medio-dorsal thalamic nucleus, one of 
the major areas feeding into the prefrontal cortex. The amygdala also projects to non­
specific systems involved in the regulation of cortical arousal (Amaral et al., 1992).
The prefrontal cortex would then determine the consequences of the “alarm effect”. 
Such effect may progress to full awakening and acknowledgement of the input or to 
sensory neglect. The role of the prefrontal cortex in "selection" is well established (FrithK. Krakow: EEG-correlated fMRI  147
et al., 1991, Hyder et al., 1997).
In summary, this study demonstrated that the sleeping brain is able to process auditory 
stimuli. In addition, the existence of a functional network capable of detecting and 
facilitating processing of emotionally- relevant inputs during sleep can be postulated.
7.2. Future developments: Continuous EEG-correlated fMRI
The potential advantages of continuous EEG/fMRI have already been discussed in 
previous chapters. However, the large EEG artifacts induced by image acquisition 
during fMRI have precluded simultaneous EEG and fMRI recording before sufficient 
methods for removing imaging artifacts became available. Since 1999, several 
techniques for reducing imaging artifact have been reported (Felblinger et al., 1999, 
Sijbers et al., 1999, Hoffmann et al., Cohen et al., 2001).
This section reports on the initial imaging findings with a new technique for the 
simultaneous and continuous acquisition of functional MRI data and EEG recording. 
This technique is based on an EEG recording system and an artifact reduction method 
presented by Allen et al. (2000). In summary, this recording system has a large dynamic 
range to capture both low-amplitude EEG and large imaging artifact without distortion 
(resolution 2 pV, range 33.3 mV), 5-kHz sampling, and low-pass filtering prior to the 
main gain stage. Imaging artifact is reduced by subtracting an averaged artifact 
waveform, followed by adaptive noise cancellation to reduce any residual artefact 
(figure 29).
Introduction
In fMRI, knowledge of the brain’s state throughout data acquisition is essential as the 
method relies on contrasts between images acquired in different brain states. In the 
standard so-called block design fMRI experiments this is accomplished by imposing aK. Krakow: EEG-correlated fMRI  148
succession of stimulation and rest periods of fixed duration. More recently, the advent 
of event-related fMRI has allowed the analysis of events with variable or random 
presentation sequences (Josephs et al.,  1997).
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Figure 29: Schematic of the image artifact reduction algorithm proposed by Allen et al. 
(2000), which was used for the continuous and simultaneous EEG/fMRI experiment.
In epilepsy, the localisation of the generators of IED is important for clinical and basic 
science purposes. Although increasingly sophisticated electrophysiological 
measurement methods have been developed, e.g. EEG with up to 256 channels, the lack 
of an independent means of measuring the abnormal brain activity has limited the 
validation of source localisation methods. The advent of safe and high-quality EEG 
recording inside the MRI scanner has given us the tools necessary to compare BOLD 
image contrast and EEG-derived localisation information (Ives et al.,  1993; Lemieux etK. Krakow: EEG-correlated fMRI  149
al., 1997; Allen et al., 1998). EEG-triggered fMRI, where the fMRI data is acquired at a 
fixed interval following events of interest (e.g. epileptiform spikes) and ‘rest’ periods, 
has already demonstrated the usefulness of EEG/fMRI in the investigation of epilepsy 
(Warach et al., 1996; Krakow et al., 1999b). However, it suffers from two main 
limitations, both linked to the obliteration of the EEG during the image acquisition.
First, there are constraints on the scanning rate and the duration of each scan: the 
minimum time gap between successive image acquisitions must be of the order of 15 
seconds (for 1.5 tesla scanners) in order to avoid signal variations due to T1  signal 
decay and the maximum duration of each image acquisition must be less than the 
expected duration of the BOLD response in order to ensure proper separation of the 
responses from events which may occur during image acquisition, and therefore be 
undetected. These limits on the scan acquisition parameters can also be expressed in 
terms of the spontaneous event (‘spiking’) rate, which highlights the implications for 
patient selection. The event rate must be low enough such that the mean separation 
between events is at least as large as the minimum scanning interval (~15 seconds) to 
avoid the effects of undetected events (due to EEG obliteration) but also high enough to 
allow acquisition of sufficient image data in a 45-minute period1. Second, the spike- 
triggered approach relies on assumptions about the BOLD response peak time and 
duration; in our experimental design we assumed that the BOLD response to spikes 
peaks around 5 seconds and has returned to baseline 15 seconds post-event for all spikes 
and in all subjects. Given the difficulty of measuring the temporal characteristics of the 
HRF associated with spikes using the triggered approach, there is uncertainty about the 
optimality of this model. Given these limitations, larger studies have found BOLD 
activations associated with interictal spikes in approximately 50% of the patients 
studied (Krakow et al., 1999b).
Recently, a new system capable of recording good quality EEG throughout the fMRI
1  Patient discomfort and movement can become significant factors after 45-60 minutes.K. Krakow: EEG-correlated fMRI  150
acquisition through removal of a well-characterised image acquisition artifact was 
described (Allen et al., 2000). This method should enable the identification of all EEG 
events and the use of a more sophisticated event-related fMRI approach by allowing the 
acquisition of images at random time-lags in relation to the EEG events of interest 
(Josephs et al., 1997). As discussed by Aguirre et al. (1998), precise knowledge of the 
HRF in individual subjects and experimental conditions is an important factor in the 
optimal acquisition and analysis of event-related fMRI. Therefore, the initial aim of this 
study was to illustrate how the shape of the HRF associated with epileptiform 
discharges can be characterised.
In this section, the initial imaging findings from the first experiment with continuous 
EEG/fMRI and event-related analysis of epileptic events are summarised.
Methods
Patient and Data
The study was performed on a 50-year-old patient with intractable partial and secondary 
generalised seizures (patient 1, table 2). This patient was studied because previous 
spike-triggered fMRI studies had revealed consistent BOLD activations, in agreement 
with previous electroclinical findings (Krakow et al.,  1999b, Krakow et al., 2001c).
Continuous EEG/fMRI
The EEG recording was performed as described in section 4.1. On-line pulse and 
imaging artifact removal was used to monitor the EEG during the experiment (Allen et 
al., 2000, figures 5 and 29). In summary, the EEG acquisition system uses careful 
design of filtering and gain sections of the EEG amplifier to avoid saturation during 
image acquisition, digitisation at 5000 Hz of EEG data and a scanner generated slice- 
timing pulse. For each channel, online subtraction of a running time-averaged waveformK. Krakow: EEG-correlated fMRI  151
(synchronised with the slice-timing pulse) is followed by adaptive noise cancellation 
and a running time-averaged EEG signal synchronised to the ECG is subtracted to 
remove the pulse induced artifact (Allen et al.,  1998). Validation was based on 
comparative spectral analysis and accuracy of the identification of separately recorded 
spike-wave complexes (median amplitude: 74 pV) added to EEG recorded in five 
subjects (Allen et al., 2000).
The experiment was conducted on a 2 tesla MRI scanner (Siemens Magnetom Vision; 
Siemens, Erlangen, Germany). 1200 volumes each consisting of 20 axial slices (1.8 mm 
thick,  1.2 mm gap; TE: 40 ms; TR/slice: 76 ms; FOV:  192 mm; 64x64 image matrix) 
were acquired continuously over a period of 30 min 24 sec. The BOLD echo-planar 
images were registered to the T1 volume using SPM99 for visualisation purposes 
(Ashbumer et al., 1997).
EEG and  fMRI Analysis
The EEG recording was examined retrospectively to identify spike and sharp wave 
complexes and record the corresponding fMRI slice number (from the slice pulse 
channel; range: 1  to 24000).
The fMRI data were realigned, spatially normalised and smoothed (Gaussian kernel; 
FWHM: 6 mm) using SPM99 (Friston, 1995; Ashbumer and Friston, 1999). The fMRI 
event slice number was then used as input for an event-related analysis of the time 
course of BOLD activation using a windowed Fourier expansion (8 sines, 8 cosines, 
plus constant term; window width = 64 sec) and the resulting SPM{F} was thresholded 
at p<0.001 (uncorrected) (Josephs et al., 1997).
Results
In the EEG, background activity was observed that was lesser on the left with irregularK. Krakow: EEG-correlated fMRI  152
theta-delta activity (3-6 Hz) and predominant alpha activity (8 Hz) over the right. There 
were frequent IED maximal over the left temporal region. Of these, high amplitude 
stereotyped sharp waves (>200pV) with phase reversal over electrode position T3 (left 
mid-temporal) were the most prominent feature. Thirty-seven of these were identified 
by an expert observer in the entire recording (mean inter-spike interval was 51  seconds), 
labelled and used for the fMRI analysis. Figure 30 illustrates an EEG segment recorded 
inside the scanner during fMRI and shows a typical spike and slow wave complex. The 
thresholded SPM{F} revealed an activation located in the left temporal region similar to 
the activation previously obtained using the spike-triggered method, as shown in figure 
31. Figure 10 shows the result of the experiment using spike-triggered fMRI in the 
same patient (see section 4.1). The Z score for the maximum activation was 7.1. For the 
continuous EEG/fMRI experiment the F ratio of the highlighted (maximum) voxel is 
5.23 (Pcorrected = 0.001).
The time course of the activation at the maximum activation voxel (highlighted in figure 




Figure 30: An EEG section recorded inside the MR scanner, showing a typical spike of 
patient 1 (table2). The upper 10 traces show a referential montage, the lower traces a 
bipolar montage of bitemporal chains, the ECG (used  for pulse artifact subtraction), 
which is distorted due to the static magnetic field, and the slice acquisition pulses (used 
for image acquisition artifact subtraction and EEG/fMRI synchronisation). The section 
above was recorded before the start of the fMRI acquisition, with pulse artifact 
subtraction. The section on the next page was recorded during the fMRI acquisition, 
with pulse and image acquisition artifact subtraction. Both sections show a typical 
epileptiform discharge with phase reversal over T3 (indicated by the arrow; peak-to- 
peak amplitude ~200 juV). There is an asymmetry of the background activity, with 
irregular slow activity on the left.K. Krakow: EEG-correlated fMRI  154
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Discussion and Conclusions
In this study an event-related fMRI analysis of EEG events from continuous and 
simultaneous EEG/fMRI acquisition was performed for the first time to obtain spatio- 
temporal patterns of activation (Lemieux et al., 2001a).
The BOLD activation derived from these data was concordant with previous scalp and 
intracranial EEG findings, as well as results from previous fMRI studies obtained using 
spike-triggered EEG/fMRI. This result tends to reinforce the confidence in the method’s 
capacity to provide good quality EEG. Regarding the difference in the appearance of the 
activations derived from the two techniques, these can result from a combination of the 
following methodological and biological factors: First, variability of the EEG events 
between the experiments, which is always a possible limitation of repeated studies. 
However, there were no significant changes in the patient s EEG pattern noted 
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experiments, as illustrated in figures 10 and 31. Second, and perhaps most importantly, 
the nature of the questions answered by the analysis is different between the two 
methods. In the spike-triggered approach, the question is: "which voxels show a 
significant signal increase between ‘rest’ and ‘activation’ images?” and is expressed as 
a t test. This is in contrast to the event-related approach demonstrated here to measure 
the shape of the HRF, for which our questions are: “which voxels show a pattern of 
signal change that is consistent across events and that explains a sufficient proportion of 
the signal variance?”, expressed as a F-ratio, and “what is this pattern?”. Therefore, the 
extent and significance of the derived activations for the two types of data are not 
directly comparable. Although an event-related approach can also be used to address the 
first type of question, this would require the assumption of a specific form for the HRF 
(Aguirre et al., 1998). As noted previously this study is part of the current efforts of 
characterizing the shape of the HRF for IED in order to derive an optimal experimental 
strategy.
The time-course of the BOLD activation was consistent with the characteristic shape of 
the expected physiological HRF (Aguirre et al., 1998). In particular, the observed 
response is consistent with a peak at 5-9 seconds latency followed by an under-shoot. 
This knowledge, combined with the fact that the maximum amount of data is acquired 
in a given total experiment time, should lead to improved sensitivity and efficiency of 
EEG/fMRI experiments (Dale et al., 1999).K. Krakow: EEG-correlated fMRI  156
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Figure 31: SPM{ F} of the spike-related events in the continuous EEG/fMRI 
experiment. Highlighted cluster projected onto orthogonal slices of the mean EPI, 
showing activation localisation in the left temporal lobe.
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Figure 32: Time course of the BOLS response at the highlighted voxel (cross hairs at 
figure 31).  The response is expressed as a percentage of the mean whole brain signal.K. Krakow: EEG-correlated fMRI  157
Chapter 8 
Summary of the main findings
This thesis describes the technique of EEG-correlated fMRI and the application of this 
method to patients with epilepsy. Since the first report on EEG recordings inside a MR 
scanner more than a decade ago (Ives et al.,  1993), important technical improvements 
have been achieved with respect to patient safety, EEG quality and MRI artifacts 
(Krakow et al., 2001a). Several of the landmark publications in these fields are included 
in this thesis. In particular, methods to remove EEG artifacts which occur inevitably on 
EEG recordings in the MR environment have enabled a wider application of the method 
to study pathological and physiological brain function. A first milestone was a method 
to remove pulse artifact on-line from intra-MR EEG recordings (Allen et al.,  1998).
This made the reliable on-line detection of EEG-events (e.g. epileptic spikes) possible 
and thus enabled spike-triggered  fMRI experiments. In this approach, the EEG is 
observed on-line during the experiment and fMRI acquisitions are triggered manually 
with a defined temporal delay after an EEG event of interest occurs. More recently, 
methods for removing the image acquisition artifact were introduced (Allen et al.,
2000), which permit simultaneous und continuous EEG/fMRI. This technique is likely 
to replace EEG-triggered fMRI for most applications if it becomes broadly available 
(Lemieux et al., 2001a). By recording all events during an experiment, simultaneous 
und continuous EEG/fMRI makes it possible for the first time to exploit the full power 
of both modalities. Therefore, the applicability of EEG/fMRI will be enhanced by 
expanding the spectrum and frequency of events that can be acquired and analysed. The 
availability of continuous EEG and fMRI data will allow the study of the relationship 
between the BOLD response on the one hand and the morphology (amplitude, duration, 
etc.) and relative timing of EEG events on the other (event interaction effects (Friston et 
al., 1998)). Furthermore, it may be possible to study propagation effects by exploitingK. Krakow: EEG-correlated fMRI  158
the ability of event-related fMRI to provide a superior temporal resolution to scanning 
repetition time (Josephs et al., 1997).
So far, the development of EEG-correlated fMRI was mainly expedited by epilepsy 
research groups. Their motivation was the necessity for further non-invasive diagnostic 
tools to localise epileptic activity in patients with focal epilepsy, in particular in patients 
undergoing presurgical evaluation. The available diagnostic methods are either invasive 
(intracranial EEG recordings) or expensive (video-EEG-telemetry), or both, and in 
many patients the results are ambiguous. Therefore, a method to identify brain activity 
non-invasively with high spatial and sufficient temporal resolution has the potential to 
add valuable information to the diagnostic work-up of patients with epilepsy.
From the functional imaging methods routinely applied to epileptic patients, PET and 
SPECT, it is well known that ictal epileptic activity leads to an increased blood flow 
and metabolism. The same can be presumed for interictal epileptic activity, although 
this phenomenon cannot be studied by these methods due to their low temporal 
resolution. In 1988, it was shown for the first time that also MRI is sensitive to 
abnormal perfusion associated with ictal activity (Fish et al., 1988). In the following 
years, BOLD fMRI was used to study epileptic seizures in a few case report studies 
(Jackson et al., 1994, Detre et al., 1995, Warach et al., 1996, Salek-Haddadi et al., 
2002). However, for technical and methodological reasons, ictal fMRI will be restricted 
to exceptional cases (Salek-Haddadi et al., 2002).
The first case study on imaging interictal epileptiform activity using EEG-triggered 
BOLD-fMRI was reported by Warach et al. in 1996. In the following years, the ability 
of EEG-triggered fMRI to identify generators of interictal epileptiform activity was 
confirmed by various research groups. In chapter 5, the so far largest study on EEG- 
triggered fMRI in patients with focal epilepsy is presented. In 24 consecutive patients, 
fMRI acquisitions were manually triggered after IED and periods of EEG withoutK. Krakow: EEG-correlated fMRI  159
epileptiform activity. Using SPM, cortical activations corresponding to the presumed 
generators of the IED could be identified in twelve out of the 24 patients. In the 
remaining patients no significant activation (n = 10) was present, or the activation did 
not correspond to the presumed epileptic focus (n = 2). The relative high percentage of 
negative results hinders so far the wider clinical application of EEG-correlated fMRI. 
However, in selected patients this technique has the potential to be useful in the 
presurgical workup of patients with medically refractory focal seizures. The basis for 
successful epilepsy surgery is accurate localisation of the epileptogenic zone is (Luders 
et al., 1993). This information is derived from the convergence of diverse 
investigations. In some patients, particularly with neocortical cryptogenic epilepsy, 
additional intracranial EEG recordings often have to be applied to reliably identify the 
epileptic focus. EEG-correlated fMRI might have the potential to replace invasive 
techniques in selected patients or, at least, provide additional information to guide the 
placement of invasive intracranial electrodes where necessary. However, in a clinical 
interpretation it has to be considered that the source of interictal discharges (irritative 
zone) is not identical with the seizure onset zone or the epileptogenic zone (Alarcon et 
al., 1994). Before EEG-triggered fMRI can be used as a decisive method in the 
presurgical assessment, further studies are needed to determine the types of epilepsy in 
which this technique can effectively identify the seizure onset zone. This needs 
comparison of fMRI results with extra-/intracranial ictal video-EEG telemetry and 
surgical outcome in relation to resection of the activated area. Technical improvements 
in EEG/fMRI may allow more detailed analysis of the characteristics of the BOLD 
signal change. It will be of particular interest to investigate spike-related BOLD signal 
changes identified from areas within the epileptogenic zone compared to propagated 
spikes.K. Krakow: EEG-correlated fMRI  160
In another study (chapter 5.2) it was demonstrated that in selected patients individual 
(as opposed to averaged) focal IED can be associated with hemodynamic changes 
detectable with fMRI. In the patient studied,  15 out of 43 spikes (34.9%) were 
associated with a significant fMRI activation showing co-localisation with the result of 
the averaged data and the area of spiking cortex previously identified with 
electrocorticography. Only examination of single hemodynamic responses provides 
information about the unique aspects of an individual event. In spike-triggered fMRI 
this is of particular interest for several reasons:
1. It allows study of the relation between the morphology of individual EEG events and 
the hemodynamic response provided by fMRI. Thus, the question whether 
characteristics like amplitude or waveform of individual spikes influence the fMRI 
activation can be addressed.
2. It can help to reveal variable localisation of spike generators, which is of particular 
importance in patients with multifocal spikes.
3. Recording multichannel EEG inside the MR scanner would allow EEG source 
modelling of individual spikes and comparison of the solutions with the fMRI 
activation. Waveform-variability is a common problem in the averaging of apparently 
similar spikes and can introduce localisation errors (Michel et al., 1999). Cortical 
activations identified with single spike-triggered fMRI would allow constraints to be 
placed on source modelling of individual spikes and thus improving EEG modelling.
4. It provides confidence that signal-to-noise characteristics of spike-triggered fMRI is 
sufficient to apply this method also to epilepsy patients who have infrequent interictal 
spikes, which has implications for experimental design and patient selection criteria. 
Chapter 6 of this thesis gives examples of combination of EEG-correlated fMRI with 
other modalities to obtain complementary information on interictal epileptiform activity 
or epileptic foci. A study compared spike-triggered fMRI activation maps with solutionsK. Krakow: EEG-correlated fMRI  161
of EEG source analysis based on 64-channel scalp EEG recorded in a separate session 
outside the MR scanner. The BOLD and structural images were coregistered, allowing 
the measurement of distances between the generator models and BOLD activation(s). 
Six patients were studied. In all cases dipole models could be found that explained a 
sufficient amount of the data and that were anatomically concordant with the BOLD 
activation. The overall mean distance between the main moving dipole and the centre of 
the nearest BOLD activation was 3.5 and 2.2 cm for the negative and positive peaks, 
respectively. It is discussed why solutions of source analysis derived from scalp EEG 
and BOLD changes are not expected to agree completely, and potential causes of the 
discrepancy are given. However, the degree of agreement between the BOLD and the 
EEG source localisation indicates that the combination of these techniques offers the 
possibility of advancing the study of the generators of epileptiform electrical activity.
In a further case report study, the combination of spike-triggered fMRI with other MRI- 
modalities like diffusion tensor imaging and chemical shift imaging is demonstrated. 
This multi-modal MR imaging allows the identification of brain regions, which show an 
abnormal micro-organisation and are involved in generating epileptiform activity, thus 
providing complementary information to structural MR images of localisation-related 
epilepsy.
In chapter 7, further applications and future developments of EEG-correlated fMRI are 
discussed. The investigation of physiological EEG events or rhythms and the 
simultaneous recording of evoked potentials and fMRI data are presented as potential 
fields of interest for EEG/fMRI experiments. Furthermore, EEG-correlated fMRI might 
be a useful technique to investigate the effect of changes of vigilance or sleep on 
cognitive tasks. In this context, an fMRI study on auditory processing is presented, in 
which a concurrent EEG recording was used to monitor vigilance and sleep stages. In 
this study it could be demonstrated that the sleeping brain is able to process auditoryK. Krakow: EEG-correlated fMRI  162
stimuli. In addition, the existence of a functional network capable of detecting and 
facilitating processing of emotionally- relevant inputs during sleep was postulated. 
Understanding how sensory stimuli are processed in a state of reduced consciousness 
might be of general interest as it might help to comprehend how residual cognitive 
activity operates during states o f‘unconsciousness’ other than sleep (e.g. anaesthesia or 
comatose states).
Finally, the initial imaging findings with the technique for the simultaneous and 
continuous acquisition of fMRI and EEG data are presented as an outlook to the future 
potential of EEG-correlated fMRI.
In conclusion, the fundamental technical problems of EEG-correlated fMRI have been 
largely solved. It is now possible to record safely a high quality EEG inside the MR 
scanner without compromising the MR signal. EEG-correlated fMRI has proved useful 
to provide insights into the generation of epileptiform activity in patients with focal 
epilepsy. In selected patients with frequent IED, EEG-correlated fMRI has the potential 
to reproducibly indentify cortical areas involved in generating IED, i.e. the irritative 
zone. So far, the sensitivity of the method is in the range of 50%. To determine the 
specificity of the method, further studies are necessary to compare the EEG/fMRI 
results with the diagnostic gold standards, which are intracranial EEG recordings and 
postoperative outcome after epilepsy surgery. Until these results are available, the utility 
of EEG-correlated fMRI in clinical epileptology cannot be definitely determined. 
However, the recently introduced methodology of simultaneous and continuous EEG- 
correlated fMRI is likely to enable further applications in different areas of functional 
neuroimaging, e.g. studying the effects of vigilance and sleep on brain metabolism and 
cognitive processes.K. Krakow: EEG-correlated fMRI  163
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